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Report 

During  the  course  of  this  project,  our  group  has  accomplished  the 
following  "firsts":  (1)  The  first  scanning  tunneling  microscopy  (STM)  images 
of  the  InSb,  InAs,  and  InP  (110)  surfaces.  (2)  The  first  STM  images  of 
HSl_xC  dj^Te  surfaces.  (3)  The  first  STM  images  of  a  diluted  magnetic 
semiconductor,  Cd_-^xMnxTe.  (4)  The  first  demonstration  that  horribly  convolved 
tips  mechanically  still  give  very  good  STM  images.  (5)  The  first  nano¬ 
machining  of  Au,  Hg-i^Ct^Te,  and  Cd^^Mr^Te  surfaces.  (5)  Formation,  without 
physical  contact,  of  9A  dots  at  room  temperature  on  the  InSb  (110)  surface  and 
formation  of  more  than  one  dot  in  a  line  (pixels)  on  that  surface.  (6) 
Observation  of  filling  in,  by  diffusion  and  other  mechanisms,  of  indentations 
made  on  the  surface  by  an  STM  tip  on  HgCdTe  and  CdMnTe.  (7)  Scribing  of 
adjacent  parallel  lines  on  the  HgCdTe  and  CdMnTe  surfaces.  (8)  Identification 
of  a  new  c(4x6)  reconstruction  on  some  InSb  (110)  surfaces;  this 
reconstruction  appears  to  be  metastable  and  cleavage  induced.  (9)  Studies  of 
the  Si  (100)  surface  under  tensile  compression  and  strain.  This  led  to 
single-atom  high  steps  moving  in  response  to  strain.  (10)  Observation  and 
identification  of  defects  and  defect  structures  in  STM  images,  together  with 
theoretical  description  of  those  images. 

These  new  results  have  been  achieved  while  we  have  been  developing  new 
STMs  with  unprecedented  vibrational  immunity  and  resolution. 
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DEPENDENCE  OF  THE  GaAs  (110)  SURFACE  ELECTRONIC  STATE 
DISPERSION  CURVES  ON  THE  SURFACE  RELAXATION  ANGLE 
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The  surface  state  dispersion  curves  E(lc)  of  the  dangling  bond  states 
near  the  fundamental  band  gap,  Cj  and  Aj,  are  computed  for  both  the 
established  0*27°  model  and  the  recently  proposed  6=7°  model  of  the 
(110)  surface  relaxation  of  GaAs,  where  8  is  the  surface  bond  rotation 
angle.  The  two  models  produce  surface  state  dispersion  curves  that  are 
similar  to  one  another  and  to  the  data. 


Until  recently  it  was  thought  that  the 
geometrical  structure  of  the  (110)  surface  of 
GaAs  was  one  of  the  few  semiconductor  surface 
structures  that  was  established.  The  accepted 
model  was  the  2<3  rotation  model  [1,2):  To  a 
good  approximation,  the  anions  rotate  rigidly 
out  of  the  surface  through  an  angle  of  0=27°. 
This  model  was  established  as  a  result  of 
careful  analyses  of  low-energy  electron 
diffraction  (LEED)  data,  and,  in  addition, 
provided  a  way  out  of  a  theoretical  dilemma: 
calculations  of  GaAs  surface  states  for 
unrelaxed  surfaces,  8-0°,  produced  surface 
states  in  the  fundamental  band  gap  (contrary  to 
data)  that  receded  into  the  valence  and 
conduction  bands  when  the  8=27°  relaxation  was 
accounted  for  [3] . 

Recently,  however,  Gibson  and  co-workers  1 4 ] 
have  suggested  that  8=7°  may  be  a  more 
appropriate  relaxation  angle,  based  on  analyses 
of  Rutherford  back-scattering  (RBS)  data.  Duke 
and  co-workers  have  also  presented  analyses  of 
LEED  data  that  indicate  that  a  7°  rotation, 
while  not  preferred,  is  acceptable  [5],  Gibson 
et  al.  have  stated,  however,  that  their  data 
might  be  consistent  with  the  8=27°  model, 
provided  one  allows  for  anomalously  large 
surface  phonon  amplitudes. 

With  LEED  and  RBS  analyses  producing  ambiguous 
interpretations  of  the  data,  we  thought  it  might 
be  useful  to  determine  if  the  measured  surface 
state  dispersion  curves  E(E)  [6] ,  when  compared 
with  theoretical  predictions,  preferred  either 
the  0=7°  model  or  the  8=27°  model.  Previous 
calculation;  of  E(K),  assuming  the  8*27°  model, 
were  in  sufficiently  good  agreement  with  the 
data  to  afford  explanations  of  the  principal 

1982  PACS  Number:  68.20.+t;  73.20.-r 
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experimental  features  [7]  (Fig.l).  However,  we 
now  find  qualitatively  similar  dispersion 
relations  E(£)  for  the  relevant  surface  states, 
for  8-0°,  8-7°,  14°  and  27°  (Fig.  1).  Since  the 
theory  is  only  accurate  to  several  tenths  of  an 
eV  (8]  near  the  valence  band  maximum,  the 
theoretical  surface  state  dispersion  curves  do 
not  provide  a  means  for  discriminating  with 
confidence  among  the  relaxation  models.  The 
.theory  does  predict  that  surface  states  do  fall 
in  the  fundamental  band  gap  for  the  7°  model  [1) 
(Fig.  2  [9]  and  Ref.  [10)):  0.1  eV  below  the 

conduction  band  edge  and  0.1  eV  above  the 
valence  band  maximum  —  but  these  energies  are 
too  small  in  comparison  with  the  several  tenths 
of  an  eV  theoretical  uncertainty  to  be 
convincing  proof  of  the  27°  model  over  the  7° 
model. 

Hence  we  conclude  that  the  agreement  between 
photoemission  data  and  the  theory  does  not 
provide  strong  evidence  for  or  against  either 
the  8=7°  model  or  the  8-27°  model.  The 
established  0-27°  model  should  be  retained  until 
more  conclusive  experimental  evidence  against  it 
is  presented. 

Finally,  as  we  have  been  completing  this 
manuscript,  we  have  received  a  preprint  from 
Mallhlot,  Duke  and  Chang  [111,  who  have 
independently  been  studying  this  problem  using 
the  same  Hamiltonian  and  comparably  accurate 
theoretical  techniques.  They  have  found  similar 
results;  however  they  interpret  their  :  suits  as 
providing  stronger  support  for  the  8=27°  model. 
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Fig.  1.  Calculated  surface  state  dispersion  G.  P.  Williams,  R.  J.  Smith  and  G.  J.  Lapeyre, 
curves  in  the  gap  {solid  lines)  and  resonart  J.  Vac.  Sci.  Technol.  _15,  1249  (1978),  The  C3 
with  the  bulk  bands  (dotted  lines),  assuming  a  state  is  not  shown  for  6“14°,  because  this  state 
surface  bond  rotation  angle  of  6=0°,  7°,  14°,  lies  too  close  to  the  8**7°  and  27°  states.  The 
and  27°  for  the  dangling  bond  (110)  surface  27°  results  are  the  same  as  those  of  Ref.  [7). 
states  Cj  and  A^  of  GaAs.  Heavy  solid  lines  The  absolute  uncertainty  in  the  theoretical 
represent  the  bulk  band  edges;  the  dashed  line  predictions  is  shown  by  the  error  bar  at  ft 
denotes  the  data  of  A.  Huijser,  J.  van  Laar  and  centered  on  the  data. 

T.  L.  van  Rooy,  Phys.  Lett.  6SA,  337  (1978)  and 


Fig.  2.  Calculated  energies  of  the  dangling  bond  angle.  The  results  for  the  C3  state  are  from 
(110)  surface  states  of  GaAs  (solid  lines  for  Ref.  [10].  £v  and  E  are  the  valence  and 
bound  states,  docted  lines  for  resonances)  at  T  conduction  band  edges,  denoted  by  heavy  solid 
[9],  as  functions  of  the  surface  bond  rotation  lines. 
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The  orthogonalized  plane  wave  band  structures  of  GeTe,  SnTe,  PbTe,  PbSe, 
and  PbS  are  fit  with  a  nearest-neighbor,  18-orbital  sp3d  ,  relativistic 
tight-binding  model  that  exhibits  chemical  trends.  The  band  gaps  of 
Pb^_xSnxTe,  Snj  Geje,  and  Ge1.zPbzTe  alloys  are  predicted  as  functions 
of  compositions  X,  y,  and  z.  Bowing  of  the  gap  is  expected  to  be 
substantial  for  Ge^_zFb  Te,  and  either  Sn^  Ge  Te  or  Gej__zPbzTe  should 
exhibit  a  Dimmock  reversal . 


1 .  Introduction 

The  rocksalt-structure  IV-VI  semiconductor 
compounds,  such  as  PbTe,  SnTe,  GeTe,  PbSe,  and 
PbS  all  have  small  band  gaps,  high  dielectric 
constants,  interesting  defect  levels,  and  a 
variety  of  very  unusual  thermodynamic, 
vibrational,  electronic,  and  infrared  properties 
[1].  Exploitation  of  these  properties  for  the 
fabrication  of  technologically  important 
opto -electronic  devices  has  been  partially 
impeded  by  an  incomplete  understanding  of  the 
intrinsic  and  extrinsic  electronic  states  of 
these  materials.  The  IV-VI 's  have  attracted 
relatively  little  theoretical  attention, 
however,  because  their  electronic  band 
structures  are  complicated,  having  large 
relativistic  splittings.  At  first  glance,  it 
would  appear  that  the  electronic  states  of  bulk 
defects  or  surfaces  of  these  materials  can  be 
understood  only  if  one  executes  a  very  tedious, 
relativistic  theory. 

In  this  paper,  we  show  that  the  apparently 
complicated  energy  bands  of  the  IV-VI  compounds 
can  be  parameterized  by  a  simple  nearest- 
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neighbor  tight-binding  model  Hamiltonian.  The 
parameters  of  this  model  exhibit  chemical  trends 
and  can  be  used  to  predict  the  electronic 
structures  of  alloys  such  as  Pb^_xSnxTe, 
Moreover,  theories  of  defect  energy  levels  and 
surface  states  In  IV-VI 's  can  be  constructed 
using  this  simple  Hamiltonian,  as  we  shall 
demonstrate  in  subsequent  work. 

2.  Tight-binding  theory 

The  relativistic  Hamiltonian  that  produces  the 
energy  band  structures  has  the  form  [2] 

H  -  (p2/2m)  +  V  +  Hso 

+  )<2V2V/8m2c2  -  pA/8m3c2 

(1) 

where  V  is  the  crystal  potential,  the  spin  orbit 
interaction  is 

Hso  “  K3*(Wx?)/4m2c2, 

and  the  remaining  terms  are  the  Darwin  terms  and 
the  relativistic  mass  correction  term  [3]. 

Employing  the  ideas  of  Slater  and  Roster  [4] , 
Harrison  [5],  Chadi  [6],  and  Vogl  et  al.  [7],  we 
construct  the  nearest-neighbor  tight-binding 
Hamiltonian: 

H0  “  *-1,0,1  11*4 , o,R>Ej  * a<a,  i  | 

+  |c,i,a,R+d>E£  c<c,i,o,R+d| ] 

+  Eg.R'.o.i.j  [ l«.I.o.S>Viij<c,j,a,R*+a| 
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TABLE  X.  Neatest-neighbor  tight-binding  parameters  of  GeTe, 

SnTe,  PbTe,  FbSe,  and  PbS,  as  fit  to  the  band  structure  of  Herman 
et  al.  (9],  in  eV.  The  column  labelled  GeTe*  refers  to 
Dimmock- reversed  GeTe  with  the  valence  (conduction)  band  extremum 
at  Lg'  (Lg+)  .  Vd  djr,  Vd  s,  and  Vs  d  are  taken  to  be  zero. 


GeTe 

GeTe* 

SnTe 

PbTe 

PbSe 

PbS 

Es,c 

-7.847 

-7.992 

-6.578 

-7.612 

-7.010 

-6.546 

Es,a 

-10.974 

-10.855 

-12.067 

-11.002 

-13.742 

-13.827 

Ep,c 

1.454 

1.657 

1.659 

3.195 

4,201 

3.486 

EP» a 

0.444 

0.250 

-0.167 

-0.237 

-1.478 

-1.153 

Ed,  c 

9.08 

9.08 

8.38 

7.73 

8.72 

9.27 

Ed,a 

25.85 

26.75 

7.73 

7.73 

11.95 

10.38 

Ac 

0.505 

0.577 

0.592 

1.500 

1.693 

1.559 

V 

0.447 

0.351 

0.564 

0.428 

0.121 

-0.211 

vs,s 

-0.617 

-0.631 

-0.510 

-0.474 

-0.402 

-0.364 

Vs,P 

0.877 

0.788 

0.949 

0.705 

0.929 

0.936 

Vp,s 

0.790 

0.876 

-0.198 

0.633 

0.159 

0.186 

vp.p 

2.189 

2.181 

2.218 

2.066 

1.920 

2.073 

VP.P* 

-0.478 

-0.498 

-0.446 

-0.43C 

-0.356 

-0.281 

vp,a 

-1.14 

-1.65 

-1.11 

-1.29 

-1.590 

-1.142 

Vp.dm 

1.56 

1.78 

0.624 

0.835 

1.45 

1.16 

Vd.p 

-1.55 

-1.50 

-1.67 

-1.59 

-1.09 

-1.54 

Vd,p* 

0.976 

0.742 

0.766 

0.531 

0.0497 

0.517 

Vd,d 

-3,79 

-3.87 

-1.72 

-1.35 

-1.90 

-1.67 

Vd,d6 

0.887 

0.892 

0.618 

0.668 

0.692 

0.659 

Table  II.  Experimental  values  of  the  fundamental  gap  for  GeTe, 
SnTe,  PbTe,  PbSe,  and  PbS  used  in  fitting  the  tight-binding 
parameters  of  Table  I  (in  eV) . 

GeTe 

SnTe 

PbTe 

PbSe 

PbS 

EgaP 

0 . 2a 

0.3b 

0.186° 

0.165d 

0.286d 

(a)  L.  Esaki,  J.  Fhys .  Soc.  Japan,  1966,  21,  589  (Kyoto  Conference 
Supplement],  measurements  at  4.2°K. 

[b]  Ref.  (10],  measurements  at  4.2°K. 

[cj  Ref.  (10],  m- -.surements  at  12°K. 

(dj  D.  L.  Mitchell,  E.  D.  Palik,  and  J.  N.  Zemel,  Proc.  Seventh 
Int.  Conf.  Phys .  Semicond. ,  1964,  p.  325  (1964),  measurements  at 
4.2°K. 
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PbTe 


wqlatax  s  r 


Reduced  Wave  Vector 

Fig.  1.  The  energy  band  structure  in  eV  of  that  the  zero  of  energy  is  the  valence  band 
PbTe,  published  by  Herman  et  al.  [9]  (dashed)  in  maximum  and  that  the  fundamental  band  gap  is  at 
comparison  with  the  present  work  (solid).  Note  L. 


where  h.c.  means  Hermitian  conjugate,  R  are  the 
rock-salt  lattice  positions  of  the  anion,  i  and 
j  are  the  basis  orbitals  for  the  cation  and 
anion  respectively,  a  is  the  spin  (up  or  down), 
a  and  c  refer  to  the  anion  and  cation 
respectively,  and  d  is  the  position  of  the 
cation  relative  to  the  anion  in  the  R-th  cell;  d 
-  (aj/2)(l,0,0) .  The  spin-orbit  Hamiltonian  is 

Hso  ”  SR, a, o', i  [|c,i,a.R>AcLc.Sc<c,i,a\R|] 

■  +5R,  ',j  [|a,j,<7,R>iaL  •?  <a,j,a',R|l. 

•  J  (3) 

We  use  nine  orbitals  per  atom  in  our  basis, 
each  with  up  and  down  spin:  s,  px,  p  ,  p  , 
<^2  2,  d3z2.r2,  d  ,  d^z,  dzx.  Because  of  the 

importance  of  the  d^banos  near  the  bottom  of  the 
conduction  band  at  the  X  point  we  found  it 
necessary  to  include  all  five  d  bands  in  the 
model.  This  approach  is  to  be  preferred  over 
that  of  Robertson  (8],  which  included  only  two 
of  the  five  d  orbitals.  We  did  neglect  (i)  the 
somewhat  smaller  couplings  Vg  do  between  the  s 
states  and  the  d  states  and  ( i i)  Vd  djr,  the 
m- type  bonding  between  d  states. 

The  resulting  36x36  Hamiltonian  matrix  is 
given  in  Appendix  A. 


3.  Determination  of  the  empirical 
Hamiltonian  matrix  elements 

The  parameters  of  this  model  are  listed  in 
Table  I.  They  were  obtained  by  fitting  the 
eigenvalues  of  the  matrix  to  the  energy  bands 
published  by  Herman  et  al.  [9]  (See  Fig.  1) . 
Analytic  expressions  for  the  eigenvalues  at  high 
symmetry  points  were  used  to  make  an  initial 
guess  for  the  parameters.  Then  a  least-squares 
fit  of  the  parameters  to  the  calculated  energy, 
bands  was  performed.  The  symmetry  of  the  states 
on  either  side  of  the  fundamental  gap  was  also 
Included  in  the  fitting  procedure.  This  is 
necessary  to  assure  the  Dimmock  reversal  [10]  in 
the  ordering  of  bands  that  occurs  in  Pb-j  _xSnxTe 
between  PbTe  (with  a  conduction  band  minimum  ‘at 
Lg*  and  valence  band  maximum  at  Lg  )  and  SnTe 
(with  the  opposite  ordering) .  The  energy  bands 
were  fit  to  the  values  obtained  by  Herman  et  al. 
for  wavevectors  at  the  F,  X,  and  L  points  of  the 
Brillouin  zone;  but  Herman's  conduction  band 
energies  at  L  were  all  shifted  by  the  same  small 
amount  in  order  to  guarantee.  that  the 
fundamental  band  gap  agreed  with  experiment.  The 
resulting  band  structures  are  displayed  in  Figs. 
1-S.  The  fit  of  the  band  structure  of  GeTe 


SnTe 


WQLATAX  2  T 
Reduced  Wave  Vector 


Fig.  2.  The  calculated  energy  bands  of  SnTe. 


GeTe 


Reduced  Wave  Vector 

Fig,  3.  The  calculated  energy  bands  of  cubic 
(rocksalt)  GeTe, 
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Fig.  4.  The  calculated  energy  bands  of  PbSe.  Fig.  5.  The  calculated  energy  bands  of  PbS . 
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Scaling  Relation  for  s  •  Levels 


Scaling  Relation  for  p  ■  Levels 


0.0  .1.0  6.0  9.0  12.0  I5.« 

Atomic  s  Energy  Difference  (eV) 


Fig.  6.  The  s-orbital  energy  differences  in 
the  solid,  (Table  I)  versus  the  s-orbital  energy 
differences  in  the  atom  [7]. 


assumes  a  PbTe-like  ordering  of  the  conduction 
and  valance  bands:  Lg-  above  Lg+.  The 
possibility  exists,  however,  that  GeTe's  band 
structure  is  Dimmock- reversed,  as  SnTe's  is, 
with  Lg+  being  the  conduction  band  minimum.  Me 
denote  Dimmock -reversed  GeTe  by  GeTe*,  and 
obtain  for  it  the  slightly  different  matrix 
elements  listed  in  Table  I . 

For  the  parameters  of  the  model,  the 
differences  in  the  diagonal  matrix  elements 


Es  c'Es  a  and  Ep  c'Ep  a*  are  approximately 
proportional  to  the  corresponding  differences  of 
atomic  energies .  The  Vogl  constant  of 
proportionality  fi  [7]  is  about  0.65  for  the 
s-state  and  0.9  for  the  p-state.  (See  Figs.  6 
and  7.)  These  proportionalities  or  scaling  rules 
for  the  matrix  elements  of  the  empirical 
Hamiltonian  allow  the  theory  to  make  sensible 
predictions  of  chemical  trends  for  intrinsic  and 


extrinsic  electronic  states  of  different  IV-VI 


semiconductors . 


4.  Application  to  Alloys 

In  this  section  we  apply  the  theory  to 
Pbi  x^nj-Te,  Sn^  Ge  Te,  and  Ge^_  PbzTe  alloys 
ana  compute  the  alloy  band  gaps  as  functions  of 
the  compositions  x,  y,  and  2,  using  the  virtual 
crystal  approximation.  These  materials  are 
substitutional  alloys  miscible  for  all 
compositions. 

Pb^.jjSiijjTe  is  an  interesting  alloy  because  the 
band  gap  cf  SnTe  is  "inverted"  in  compariso  •: 


Atomic  p  Energy  Dilference  (eV) 

Fig.  7.  The  p-orbital  energy  differences  in 
the  solid,  (Table  I)  versus  the  p-orbital  energy 
differences  in  the  atom  [7] . 


with  the  gap  of  PbTe:  the  fundamental  band  gap 
occurs  with  the  conduction  band  minimum  being 
the  Lg+  point  of  the  band  structure,  rather  than 
at  the  the  L^'  point.  This  phenomenon  was 
elucidated  by  Dimmock  et  al.  [10]  several  years 
ago,  who  pointed  out  that  a  level -crossing 
phenomenon  occurs  with  increasing  x  as  the 
band-gap  of  Pb^_xSn>.Te  decreases  and  attempts  to 
become  negative.  He  calculate  that  the  gap 
vanishes  at  x“0.35,  in  good  agreement  with  the 
experimental  value. 

As  a  function  of  alloy  composition,  this 
Dimmock  reversal  in  Pb^_xSnxTe  must  undo  itself 
in  either  Sn^.yGe„Te  or  Ge^.zPbzTe.  We  predict 
that  the  second'*  Dimmock  reversal  must  occur 
either  near  y  “  0,6  in  Su^_„Ge  Te  or  near 
z  -  0.3  in  Ge1.zPbzTe.  In  the  former  case,  GeTe 
must  have  the  same  ordering  of  Lg  bands  as  PbTe, 
whereas  in  the  latter  case,  GeTe  has  the 
SnTe-like  GeTt*  electronic  structure.  (See  Fig. 
8.)  The  calculations  also  indicate  that  one 
should  expect  considerable  bowing  in  the 
fundamental  band  gap  versus  alloy  composition 
for  Cei  zPbzTe,  in  contrast  to  the  linear 
x-dependence  of  the  gap  for  Pb^.jjSn^Te.  This 
striking  prediction  of  the  calculations  is  in 
qualitative  agreement  with  the  measurements  of 
Nikolic  [11,12]. 

We  compute  the  fundamental  band  gaps  of  alloys 
such  as  Pbi  _xSnJ.Te  by  diagonalizing  the 
virtual- crystal  [13]  empirical  tight  •■binding 
Hamiltonian.  The  covalent  radii  of  !'•  and  Sn 
differ  by  so  little  (•■  4%)  and  .all  of  the 
Hamiltonian  matrix  elements  of  PbTe  and  SnTe  are 
sufficiently  similar  that  a  vj-'tual  crystal 
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Fundamental  Gap  vs.  Alloy  Composition 


PbTe  SnTe  GeTe  PbTe 


0.25  0.50  0.75  0.25  0.50  0.75  0.25  0.50  0.75 

x  y  2 

Alloy  Composition 

PbTe  SnTe  GeTe*  PbTe 


0.25  0.50  0.75  0.25  0.50  0.75  0.25  0.50  0.75 

x  y  z 

Alloy  Composition 


Fig.  8.  The  calculated  band  gaps  and  Lg+  and  z.  The  zero  of  energy  is  the  Lg+  band  extremum, 
Lg'  band  edges  of  Pb-j^Sr^Te,  Sn^  Ge  Te,  and  The  hatched  area  is  the  gap.  (a)  For  ordinary 
Ge^_zPbzTe  versus  alloy  compositions  x,  y,  and  GeTe;  (b)  for  Dimmock-reversed  GeTe*  (see  text). 


approximation  to  the  matrix  elements  of  adequate  for  reproducing  chemical  trends, 

Pbl_xSrixTe  is  appropriate  for  states  near  the  including  the  Dimmock  band  reversal  phenomenon 

fundamental  band  gap  [13]:  the  diagonal  in  Pb*  xSnj.Te.  Therefore,  it  should  provide  a 

Hamiltonian  matrix  elements  of  Pb^ ^Sn^Te  are  satisfactory  starting  point  for  general  theories 

(1-x)  times  the  PbTe  elements  plus  x  times  the  of  localized  electronic  states  in  these 

SnTe  matrix  elements  [14).  The  off-diagonal  very  small  band-gap  materials,  such  as  "deep 

matrix  elements,  multiplied  by  the  square  of  the  traps"  [15]  or  surface  states.  Subsequent  work 

lattice  constant  [5],  are  similarly  averaged,  will  use  this  Hamiltonian  to  study  a  wide 

using  Vegard's  Law  for  the  lattice  constant.  The  variety  of  problems  involving  localized 

band  edges  of  Fig.  8  were  eigenvalues  obtained  electronic  states  in  IV-VI  semiconductors, 

by  diagonalizing  this  Hamiltonian  for  a 
vavevector  at  the  L-point  of  the  Brillouin  zone. 
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and 


0 

'2SlVp,s 

H2  - 

0 

*282Vp,s 

0 

'283Vp,s  . 

Hpa,s  can  be 

written  as: 

— 

H  B  - 

pa,  s 

H3 

0 

H4 

0 

where  we  have 

The  basis  set  for  the 
|s,c,t>,  |s,c,4>,  |s,a 

36x36  Hamiltonian  is : 
,t>,  ( s , a , 4>,  |pv,c,t>, 

"2&lvs,p 

0 

|Pv.c,t> 

\Vz.c.» 

|pz,c.t>. 

|Px,a,t>. 

|Px,c,4>, 

|Pv.a»l>. 

lPz.a.*>. 

|d4,c,t>, 

IPy,C,4>, 

IPz.a,t>, 

h3  - 

'2§2Vs  ,p 

0 

IPx*a*1:> 

| d2 , c, t> 

IPy.a. +>. 

1 d3 ,c, t>, 

|  d^  ,c ,  t>,. 
jdj ,c , t>. 

-  -2S3Vs.p 

0 

Id^c.ib 

jd2,c , 4>, 

|d3 ,c, 4>, 

|d4,c.4>, 

and 

|d5,c,4> 

Idj.a, t>, 

)  d2  ,  a ,  t> , 

jd^ , a, t>, 

r-* 

n 

ld4  ■ a  t> 

|d3,a,4> 

l<%,a,t>, 
|d^,a,*>,  and 

|  d^,a, 4>, 

|  d^.a , 4> , 

|  i  ^ ^  • 

0 

‘2Slvs ,p 

where  we 

have  dx  -  d  ’ 

2  d-  -  d.,  1 
•  °2  °3z  -r 

*  d3-dxy' 

H4  * 

0 

■2S2Vs,p 

d4“dyz’  and  d5“dzx* 

_  0 

■2g3Vs,p  - 

The  Hamiltonian  can  be  written  in  block  form 
as  follows  (only  the  lower  triangular  part  of 
the  Hamiltonian  is  given  since  it  is  Hermitian): 

"H, 

H. 

H 

0 

0  "a.  V  "j-  a-  '  da 

Hg  s  is  a  Hermitian  4x4  matrix  which  connects 
s-states  to  s-states: 


s  ,c 

0  Es,c 

S0Vss  0 
0  S0Vs,s  0 

can  be  written  as: 


s ,  s 

'pc  ,s 

H 

pc,  pc 

'pa,  s 

H 

pa,  pc 

H 

pa,  pa 

) 

0 

Hdc , pa 

Hdc , dc 

» 

H 

da,  pc 

0 

Hda,dc 

s,a 


and  H, 


pc,  s 


H, 


pc,s 


Hi 

Ho  J 


where  we  have 


•2glVp,s 

‘2®2Vp,s 

-2S3Vp,s 


is  a  6x6  Hermitian  matrix  with  all  the 
diagonal  elements  equal  to  E  c.  Its  other 
non-zero  matrix  elements  in  the  lower  triangular 
region  are: 


<Pv,c,t| 
<Pz.c,*| 
<Pz.c,4| 
<PX.<MI 


H  |px,c,t> 
H  |px,c,T> 


<Py.C,* 

and7 


Pv , c , t> 

IPz*<M> 


<Py.C 


lP2.c>t> 
i\  H  |p. 
is 


,c,4> 


i  V2- 
V2* 

i  v2- 

-V2' 

-iAe/2. 


-iAc/2- 


6x6  Hermitian  matrix  of  the  same 
,  but  with  the  diagonal  elements 


■  U 

pa  ,pa 

form  as  ^pc  pc*  *■'“**  -»**■ 

equal  to  E_  a  and  the  other  non- zero  elements 
above  with*Ac  replaced  with  Aa, 

Hpa  pc  is  a  diag°nal  6*6  matrix  with. 


<Px*a 

.tl 

H 

|PX. 

c,t>  -  Vx 

,x 

<Py.a 

,tl 

H 

IPy. 

c,t>  -  V 

,  v 

<Pz-a 

,tl 

H 

IPz* 

C,t>  -  V7 

,  z 

<px*a 

.  *  1 

H 

lpx. 

c,4>  -  V 

,  X 

<Py  *  a 

<PZ*a' 

.4! 

■  4  | 

H 

H 

IPy. 

IPz* 

C,4>  -  V 
C,4>  - 

>y 

,z 

and 

V 

x,x 

2S4Vp 

.p  r 

2<65+«6> 

vp .  p* 

V  - 

y.y 

285Vp 

,p  + 

2(84+86) 

vp.p* 

vz,z- 

2S6Vp 

,p  + 

2(g4+g5> 

Vp .  P* 

Hda  pc  can  156  wr4tten  block  form  as : 


H 


da ,  pc 


0 
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where  Hj  is  the  5x3 

matrix: 

-^SlVp,d 

^^p.d 

0 

glVp , d 

g2Vp,  d 

-2g3vP,d 

"2g2^p ,  d n 

"2glVp,dx 

0 

0 

~  2s3Vp ,  git 

-2g2Vp,d* 

"2g3Vp  ( d5r 

0 

-2SlVp,d*_ 

Hdc,pa  is  of  che 
vP,d*  «Placed  by  v 

same  form,  but 

j  dud  V j  » 

Q,p  Q,p*r 

with  Vp  d  and 

dc  is  a  10x10  matrix  with  only  four 
non-zero  off-diagonal  elements.  The  diagonal 
elements  are: 


<d1  ,a  , 1 1  M  |d^,c,t>  -  <d1,a,l|  H  Id^c,^ 

“  3/2  (g4+85>vd,d  +  <2g§+g4/2+g5/2)Vdid{ 
<d2,a,t|  H  | d2,c, t>  -  <d2 .a, 1 |  H  |d2,c,i> 

-  3/2  (g4+g5)  Vd  d<;+  (2g6+g4/2+g5/2)Vd  d 
<d3,a,t|  H  |d3,c,t>  -  <dj,a,l|  H  | d3 , c , 1> 

”  2  (gA+g5)  vd,dx  +  2  g6  vd,d6 
<d4,a,t|  H  |d4,c,t>  -  <d4,a,l|  H  |d4,c,l> 

-  2  (g5+g6)  Vd  djr  +  2  g4  Vd  df 
<d5,a,t|  H  !d5,c,t>  -  <d5,a,l |  H  |d5,c,l> 

-  2  <S4+g6>  Vd,dx  +  2  65  vd,d«  ’ 

The  non-zero  off-diagonal,  elements  are  all 
equal ; 

<d1,a,t|  H  |d2,c,t>  -  <d2 , a , t |  H  |d1,c,T> 

-  <d1,a,l|  H  |d2,c,i>  -  <d2,a,l|  H  |d1,e,l> 

-  Ul)/2  <g5-g4)  (Vdd  -  vd  dS) 

where  we  have 

g0(k)  -  2[cosCkxaL/2)+cos(kyaL/2)+cos(kzaL/2) ] , 

gl(E)  -  i  sin(kKaL/2), 

g2(k)  -  i  sin(kyaL/2), 

g3(k)  -  i  sin(kzaL/2), 

g4(ic)  -  cos(kxaL/2), 


g5(k)  -  cos(kyaL/2>, 
and 

g6(lc)  -  cos(kzaL/2). 

The  parameters  vs  s .  vs  g  antl  Vp  d  correspond 
to  the  integrals  (sscr)-,  ,  ’(spo)-, ,  (pdu),  in  Ref. 
[*]• 

Hd  and  Hd  are  both  10x10  diagonal  matrices 
whose  elements  are  Ed  c  and  Ed  a  respectively. 
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Calculations  are  presented  which  support  the  identification  of  two 
sulfur-related  centers  in  Si  (lying  0.37  and  0.19  eV  below  the 
conduction  band  minima)  with  (S,S)+  and  (S,S)®  nearest-neighbor 
substitutional  S  pairs.  Explanations  in  terms  of  meso-bonding  are  given 
of  the  following  facts:  (i)  Although  S  is  much  more  electronegative  than 
Si,  the  (S,S)*  pair  level  lies  at  higher  energy  than  the  S+  level  by 
“0.2  eV;  (ii)  The  hyperfine  interaction  for  (S,S)+  is  considerably 
smaller  than  for  the  isolated  S  defect;  and  (iii)  The  (S,S)+  molecular 
defect  has  a  hyperfine  tensor  that  is  virtually  isotropic. 


Nearly  twenty  years  ago,  Ludwig  observed 
evidence  of  substitutional  nearest-neighbor  S 
pairs  in  Si,  while  studying  the  electron  spin 
resonance  and  electror  nuclear  double  resonance 
spectra  of  isolated  S  11],  It  Is  now  known  that 
there  are  five  S-related  deep  levels  in  the  band 
gap  of  Si  [2-7],  two  of  which  are  associated 
with  isolated-S  (the  A  and  B  centers  [8]),  two 
of  which  are  thought  to  be  caused  by  paired-S 
defects  (hereafter  denoted  the  C  and  D  centers 
[8]),  and  the  fifth  Z  center  [9],  which  is 
associated  with  unknown  S-related  complexes.  The 
energy  levels  of  the  A,  B,  C,  and  D  centers  and 
their  assignments  are  shown  in  Fig.  1. 


A  center  B  center  C  center  D  center 


Fig.  1.  The  observed  sulfur-related  deep 
energy  levels  in  the  band  gap  of  Si,  together 
with  the  defect  assignments  of  Brotherton  and 
earlier  workers.  These  assignments  are  confirmed 
by  the  present  work. 


Brotherton  et  al.  [9]  have  shown  that  high 
temperature  annealing  leads  to  preferential 
formation  of  (S,S)  pairs,  whereas  lsolated-S 
defects  dominate  in  material  annealed  at  low 
temperature.  However  there  are  several  features 
of  the  ( S , S)  pair  identification  that,  at  first 
glance,  appear  to  be  troubling:  (i)  The  pair 
levels  (S,S)  lie  at  higher  energy  than  the 
isolated-S  levels ,  even  though  S  is  very 
electronegative  with  respect  to  Si  and 
replacement  of  a  neighboring  Si  by  a  more 
electronegative  atom  would  be  expected  to  pull 
the  isolated-S  level  down  in  energy;  (ii)  S  is 
so  different  from  Si  that  in  isolation  it 
produces  a  deep  level  in  the  gap;  yet  the  second 
(spectator)  S  atom  appears  to  be  very  little 
different  in  its  effect  from  the  Si  it  replaces: 
it  alters  the  isolated-S  deep  level  by  only 
“0.2  eV,  even  though  the  additional  potential  of 
the  second  S  impurity  is  strongly  attractive 
(corresponding  to  a  charge  of  two  protons)  and 
localized.  The  small  size  of  this  effect  is 
evident  when  compared  with  the  even  larger 
difference  of  deep  level  energies  of  S°  and  S+, 
-0.3  eV,  which  is  due  to  a  single  delocalized 
electron.  Also  the  difference  in  (S,S)  and  S 
energy  levels,  0.2  eV,  is  comparable  with  the 
difference  in  the  S  and  Te  deep  levels  (0.2  eV), 
even  though  the  defect  potential  difference  of  S 
and  Te  is  only  *-l  eV  compared  with  -6  eV  for  S 
and  Si  [10] ;  (Iii)  Although  the  (S,S)  and  S 
defects  have  similar  energy  levels,  the 
hyperf Ii.j  constant  (=  s-orbltal  charge  density 
at  the  sulfur  nucleus  or  |$|s(0)|2)  of  (S,S)  is 
smaller  by  a  factor  of  “3  than  that  of  S;  and 
(iv)  The  hyperfine  tensor  of  (S,S)  appears  to  be 
isotropic,  even  though  (S,3)  is  supposedly  an 
oriented  molecule. 

In  this  paper  we  sh,  w  that  these  puzzling 
facts  can  be  explained  simply:  The  assignment  of 
the  E  -0.37  eV  and  Fc-0.19  eV  (C  and  D)  levels 
to  (S,S)  pairs  is  correct,  but  the  relevant 
energy  level  of  the  pair  has  a  completely 
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different  character  from  that  of  isolated  S.  The 
second  S  atom  drives  the  first  isolated-S  deep 
level  into  the  bottom  of  the  band  gap  or  out  of 
the  gap  into  the  valence  band  —  and 
simultaneously  pulls  a  second  level  down  from 
the  conduction  band  into  the  gap  (Fig.  2),  The 
first  (lower  [11])  level  we  term  the  totally 
antibonding  (ungerade)  state;  the  second 
(higher)  level  we  call  the  meso-bonding  (gerade) 
state,  because  it  is  a  "bonding"  linear 
combination  of  the  "antibonding"  deep  levels 
[10]  of  the  isolated-S  defects.  The  antibonding 
state  is  lower  in  energy  for  the  (S,S)  defect 
(contrary  to  what  one  normally  finds  for 
diatomic  moelcules)  because  each  S  deep  level 
has  an  antibonding  host-like  wavefunctlon 
(rather  than  a  wavefunctlon  similar  to  atomic 
sulfur 's) . 

The  (S,S)+  level  in  the  gap,  predicted  using 
the  theory  described  below,  is  in  excellent 
agreement  with  the  datum  (Fig,  2)  and  lies 
higher  in  energy  than  isolated-S+,  because  the 


observed  pair  level  is  derived  from  the  T2 
(p-like)  deep  resonance  of  isolated-S  (which  is 
pulled  down  into  the  gap  by  the  second  S)  and 
not  from  the  Aj  (s-like)  level  of  isolated-S, 
which  is  driven  down  toward  the  valence  band  by 
the  second  S  atom  (Fig,  2).  The  level-repulsion 
obviously  occurring  in  Fig,  2  is  responsible  for 
the  (S,S)+  deep  level  lying  very  close  to  the  S 
deep  level  [12]. 

The  measured  ESR  hyperfine  constant 
(|A|-38.4xlO“4  cm-1  [1])  of  (S,$)+  is  much 
different  from  that  of  S+  ( |A|“i04,2xlO-*cm-1 
[1])  because  the  meso-bonding  level  has  a 
different  character  from  the  level  of  S, 
being  derived  from  the  p-like  T2  (resonant) 
level  of  isolated-S.  If  the  hyperfine  constant 
of  the  totally  antibonding  (lower)  level  could 
be  measured,  it  would  be  near  that  of  S+  —  we 
predict  it  to  be  only  “283!  smaller,  the  observed 
(S,S)+  hyperfine  constant  is  small  because  the 
meso-bonding  state  is  less  localised  on  the 
defect  atoms.  We  calculate  the  s-orbital 


7 Wf  VS)  resonance 


L_ _ I _ I _ _J _ I _ 1 - 1 - 1 - J 

-20  -15  -10  -5  0  5  10  15  20 

Impurity  potential  of  spectator  X,Vs{x}(eV) 


Fig.  2.  Predicted  energies  of  deep 
a^-symmetric  levels  associated  with  (S,X)+ 
nearest-neighbor  substitutional  pairs  in  Si  as  a 
function  of  the  defect  potential  Vg{X)  of  the 
spectator  impurity  X.  Vg{X}-0  corresponds  to  an 
isolated-S  defect,  which  has  a  deep  level  of  A, 
(s-like)  symmetry  in  the  gap  and  a  T2  (p-likel 
deep  resonance  depicted  schematically  above  the 
conduction  band  edge.  [Because  we  are  interested 
primarily  in  chalcogen  pairs,  we  have  assigned 
one-half  of  the  charge  to  X  and  one-half  to  S  in 
determining  the  defect  potential  (See  text). 
Hence  the  isolated-S  A1  level  corresponds  to 
S+1/i  and  lies  between  the  S°  and  S+  levels.] 
Note  the  excellent  agreement  between  the 
experimental  (S,S)+  level  (triangle)  and  the 
theory.  The  electronic  occupancies  of  the 
one-electron  levels  of  (S,S)+  and  S+  are  denoted 
by  circles. 
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contribution  to  be  0.33  times  as  large  as  that 
for  S+  —  compared  with  an  experimental  value 
0.37  times  as  large. 

The  delocalization  of  the  meso-bonding  state 
is  also  responsible  for  the  hyperflne  tensor 
being  virtually  isotropic.  He  find  only  2.2% 
(4.1%)  of  the  deep  level  charge  density  is 
contained  in  each  sulfur  p  (s)  orbital  which 
leads  to  an  anisotropy  of  the  hyperflne  tensor 
too  small  to  have  been  observed, 

(&//  —  Aj^)/ (A ii  +  2Aj^)  **0.015. 

The  predicted  energy  levels  and  s-orbital 
wave-function  coefficients,  y8>  of  all 
substitutional  nearest-neighbor  pairs  of  S,  Se, 
and  Te  are  given  in  Table  I  [13,14].  He  hope 
that  experimental  studies  of  Si  doped  with  two 
or  more  chalcogens  will  test  these  predictions. 

Recently  Ren  et  al.  [15]  have  shown  that  the 
hyperflne  tensors  of  deep  levels  of  definite 
symmetry  associated  with  impurities  on  a 
specific  site  depend  only  on  the  energy  of  the 
deep  level  and  vary  little  for  deep  levels  in 
the  band  gap  of  Si.  Schlrmer  and  Scheffler  [16] 
have  produced  a  beautiful  phenomenological 
theory  of  g-factors  for  deep  levels  using 
similar  ideas,  and  find  that  the  ,  observed 
g-factors  do  not  depend  on  the  character  of  the 
defect  states  involved.  In  particular,  they  find 
that  the  g-factor  for  (S,S)+  is  well-described 
by  the  same  theory  as  the  g-factor  for  S+,  Se+, 
and  Te+.  Thus  we  wondered  if  the 
Schirmer-Scheffler  hypothesis  for  g-factors 


TABLE  I.  Predicted  energy  levels  E  (in  eV)  and 
wave-function  coefficients  y  (Y“on,  see  Table  I 
of  Ref.  [13]  or  Ref.  [14])  for  (X,Y) 
substitutional  paired  chalcogen  defects  in  Si. 
£v  and  Ec  are  the  valence  band  and  conduction 
band  edges  of  Si.  In  the  theoretical  model  the 
band  gap  is  Ec-Ev«1.17  eV. 


Meso-bonding  Totally  antibonding 


(X,Y) 

Ec-E 

YS(X) 

E-Ey 

YS(X)  YS(Y) 

(S,S)+ 

0.42 

0.20 

0.20 

0.12 

0.30 

0,30 

(S,Se)+ 

0.41 

0.21 

0.20 

0.16 

0.29 

0.30 

( S,Te)+ 

0.35 

0.17 

0.25 

0.28 

0.32 

0.29 

(Se,Se)+ 

0.40 

0.20 

0.20 

0.20 

0,30 

0.30 

(Se,Te)+ 

0.33 

0.17 

0.25 

0.31 

0.33 

0.29 

(Te,Te)+ 

0.29 

0.21 

0.21 

0.45 

0.32 

0.32 

(S,S)° 

0.28 

0.21 

0.21 

0.44 

0.32 

0.32 

(S,Se)° 

0.28 

0.23 

0.21 

0.44 

0.31 

0.32 

(S,Te)° 

0.24 

0.18 

0.25 

0.53 

0.34 

0.30 

(Se,Se)° 

0.27 

0.21 

0.21 

0.48 

0.32 

0.32 

(Se,Te)° 

0.23 

0.17 

0.26 

0.55 

0.34 

0.30 

(Te,Te)° 

0.20 

0.22 

0.22 

0.65 

0.33 

0.33 

might  apply  to  the  hyperflne  interactions  as 
well:  that  the  hyperflne  Interactions  for  (S,S)+ 
might  be  well-described  by  the  theory  of 
hyperflne  interactions  for  the  isolated  defects 
S  ,  Se+,  and  Te+.  It  does  not  (Fig.  3  [17]), 
presumably  because  the  meso-bonding  Tj-derived 
wave-function  of  the  (S,S)+  pair  is  entirely 
different  from  that  of  the  A^  isolated-S+  level. 
He  also  predict  that  the  hyperflne  tensor  of 
(Te,Te)+  will  be  quite  different  from  that  of 
Te+  —  a  point  needing  experimental 
investigation. 

The  calculations  presented  in  this  paper 
employ  the  Hjalmarson  et  al.  [10]  theory  of  deep 
levels,  the  Vogl  et  al.  [18]  theory  of 
electronic  structure,  the  Ren  at  al.  [15]  theory 
of  hyperflne  Interactions,  and  the  theory  of 
paired  defects  [12].  The  details  of  the 
paired-defect  theory  can  be  found  elsewhere 

[12.19] .  The  present  work  is  different  in  only 
one  significant  way:  the  choice  of  the 
(diagonal)  defect  potential  matrix,  in  the 
localized  sp3s*  basis,  at  the  X-site 
V{X)“(V  {X} ,V  [X] ,V  [X] ,V  [X] ,0)  for  the  (S.X) 
pairs.  The  pair  has  a  matrix  V[S]  on  the  S-slte 
and  V[X]  on  the  neighboring  X-site.  Vg{S]  for  S 
in  the  (S,S)+  complex  is  chosen  to  be  the 
average  of  the  values  needed  to  reproduce  the 
observed  [7]  S+  and  S®  Aj-symmetrlc 
isolated-defect  levels  —  and  so  corresponds  to 
an  isolated-S  defect  with  a  charge  of  +1/2  (so 
that  the  paired  defect  will  correspond  to  a 
charge  of  +1).  The  p  potential  V  [S]  is  taken 
from  Refs.  [10]  and  [18]  in  terms  of  atomic 
energy  differences ,  but  is  reduced  by  the  same 
empirical  factor  found  here  for  the  s  potential, 
0.88.  For  the  neutral  center  (S,S)  ,  the 
potential  Vg  used  is  that  which  reproduces  the 
observed  Aj-symmetric  level  of  S  .  V{Se)  and 
V[Te]  were  similarly  determined.  As  a  result, 
the  total  defect  potential  of  a  paired  defect 
such  as  (S,S)+  represents  a  pair  with  a  single 
net  positive  charge.  Other  than  this 
determination  of  the  defect  potential  matrix, 
the  calculation  is  as  described  elsewhere 

[12.19] ,  and  contains  no  free  parameters.  A 
complete  discussion  of  the  theory  of  paired 
substitutional  defects  will  be  published 
shortly. 

We  hope  that  this  work  will  stimulate 
experiments  testing  the  theory  of  deep  levels 
associated  with  paired  chalcogen  impurities  in 
Si. 
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Fig.  3.  The  square  of  the  Isotropic  part  of 
the  deep  level  wave-function  (solid  line), 
|<Aj  ,t) of  Ren  et  al.  [15]  versus  deep 
trap  energy  relative  to  the  valence  band  maximum 
for  substitutional  isolated-chalcogen  defects  in 
Si.  When  multiplied  by  the  atomic  charge  density 
l^n  »  this  is  proportional  to  the 

hyp4rfine  interaction  A.  The  data  for  S+,  Se+, 
and  Te+  [17]  obtained  using  Hartree-Fock  charge 
densities  are  denoted  by  closed  triangles.  The 
corresponding  wave-functions-squared  for  (S,S)+, 
(Se,Se)+,  and  (Te,Te)+  obtained  theoretically 
are  denoted  by  an  open  circle,  an  open  square, 
and  an  * ,  respectively.  The  (S,S)+  datum  [1]  is 
denoted  by  a  closed  circle. 
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The  trends  in  the  deep  energy  levels  of  impurities  occupying  the  bond-centered  interstitial  site  in 
Si  are  predicted.  The  theory  is  compared  with  experiments  for  boron,  and  reasonable  agreement  is 
found  for  the  energy  and  the  wave-function  component  on  the  interstitial  site;  however,  some 
disagreement  with  the  data  for  the  B  deep-trap  wave  function’s  amplitude  on  the  adjacent  Si  sites 
remains — indicating  that  the  B  interstitial  may  not  lie  near  the  bond-centered  site  as  supposed  and 
suggesting  the  need  for  further  study  of  B  in  Si. 


In  this  paper  we  report  calculations  of  the  chemical  tion  around  the  defect  is  neglected,  since  we  are  interested 

trends  of  deep  energy  levels  and  wave  functions  associated  primarily  in  the  global  chemical  trends:  the  amount  and 

with  interstitial  impurities  at  the  bond-centered  site  in  Si.1  nature  of  the  lattice  distortion  around  the  defect  should  be 

This  work  complements  earlier  studies  of  tetrahedral-site  determined  separately  for  each  charge  state  of  each  defect, 

interstitials  by  Sankey  and  Dow2  and  follows  the  general  Our  deep  levels  are  obtained  for  neutral  defects  and  the 

approach  to  deep  impurity  levels  established  by  Hjalmar-  levels  of  charged  defects  are  obtained  by  adding  (remov- 

son  et  al?  and  Vogl  et  al?  ing)  an  electron  to  the  lowest  (highest)  Fauli-available  lev- 

With  the  notable  exception  of  the  work  of  Weigel,5  pre-  el;  thus  the  Coulombic  charge-state  ^splittings  are  zero  in 

vious  studies  of  interstitial  impurities  in  Si  (Refs.  6—8)  this  model.  The  resulting  theoretical  uncertainty  in  the 

have  considered  only  single  impurities  without  devoting  a  absolute  energies  of  deep  levels  should  be  several  tenths  of 

great  deal  of  attention  to  the  relationships  of  the  energy  an  eV,  although  the  chemical  trends  in  the  deep  levels 

levels  of  one  impurity  to  another.  Weigel’s  systematic  should  be  predicted  rather  well. 

studies  of  Al,  Si,  P,  B,  C,  and  N  were  performed  on  a  For  a  zinc-blende  lattice,  the  point  group  of  the  bond- 
cluster  using  extended  Huckel  theory.'’  One  disconcerting  centered  interstitial  is  C3„.  The  diamond  structure  of  Si  is 

aspect  of  his  results  is  a  silicon  band  gap  of  7.5  eV;  more-  a  degenerate  form  of  zinc  blende  in  which  the  “anion” 

over,  in  the  case  of  substitutional  defects,  Huckel  theory  is  and  the  “cation”  are  equivalent;  the  correct  point  group 

known  to  give  the  T2  (p-like)  energy  levels  below  the  Ax  for  a  bond-centered  interstitial  in  a  diamond  lattice  is  Du 

U-like)  levels — contrary  to  the  data.10  Therefore,  we  felt  and  has  an  extra  parity  quantum  number:  gerade  and 

that  it  would  be  appropriate  to  perform  an  independent  ungerade.  In  this  paper  we  use  the  C3„  notation11  and 

study  of  the  chemical  trends  for  the  bond-centered  inter-  also  indicate  the  parity  by  “g”  (even)  or  (odd).  The 
stitial  impurities,  using  a  Green’s-function  approach,  four  spl  orbitals  centered  on  the  interstitial  split  into  an 

which  yields  the  correct  band  gap  for  Si  and  the  correct  A  s-like  orbital,  an  A1<u  pz-  or  p„-like  orbital,  and  a 

ArT2  ordering  for  substitutional  defect  levels.3  Our  re-  doubly  degenerate  Eg  pff-like  orbital.  Our  calculation 

suits  confim.  the  general  trends  found  by  Weigel,  but  pro-  shows  that,  for  all  s-  and  p-bonded  interstitial  impurities 

duce  a  factor-of-5  less  variation  in  the  interstitial  energy  in  Si,  only  the  Eg  state  may  lie  in  the  gap — the  A  llt  state 

levels  as  one  goes  from  Al  to  P.  lies  down  in  the  valence  band  and  the  /iliS  state  lies  well 

Our  calculations  follow  the  general  scheme  of  Sankey  up  in  the  conduction  band.  One  can  see  that  the  A  l  u  and 

and  Dow2  developed  for  tetrahedral -site  interstitials.  A  lg  levels  are  removed  from  the  fcap  by  considering  the 

However,  we  do  not  iterate  our  calculations  to  self-  Si- 7-Si  molecule  (See  Fig.  1),  where  7  is  the  interstitial, 

consistency  since  we  find  that  most  impurities  at  the  The  two  neighboring  Si  atoms  (without  7)  form  two  A  i  g 

bond-centered  site  (in  contrast  to  the  tetrahedral  intersti-  levels — one  a  bonding  combination  of  s  orbitals  and  the 

tial  site)  produce  neutral  deep  levels  in  the  gap.  We  have  other  a  bonding  combination  .  f  pa  orbitals.  Both  of  these 

included  only  nearest-neighbor  interactions  between  the  levels  lie  in  the  valence  band.  The  interstitial’s  s  orbital 

host  atoms  and  the  interstitial  atom  because  the  second-  (of  A  lig  symmetry)  couples  with  these  two  Si  It. els 

nearest  neighbors  are  more  than  2.5  times  as  distant  from  and  is  repelled  upward  into  the  conduction  band.  Similar- 

the  interstitial  as  the  nearest-neighbor  Si.  Lattice  relaxa-  ly,  two  A  l  u  conduction-band  levels  are  lormed  from  anti- 
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nearest  neighbors  interstitial  interstitial  +■  host 

FIG.  1.  Schematic  illustration  showing  the  crossing  of  the 
A  i>f  and  A ,  „  interstitial  levels  as  a  result  of  the  interstitial-host 
coupling.  Onlj  A\  levels  are  shown. 


bonding  combinations  of  the  s  and  pa  orbitals  of  the 
neighboring  two  Si  atoms.  The  interstitial’s  p„  orbital  (of 
A  IiB  symmetry)  couples  with  the  Si  conduction-band  A  1>u 
levels  and  is  repelled  downward  into  the  valence  band. 
Thus,  by  being  interstitial,  the  impurity  has  in  effect  re¬ 
versed  the  ordering  of  its  s  and  p  electrons:  the  p-like 
Ahu  isolated-interstitial  level  lies  below  the  s-like  A]g 
level  when  the  interstitial  and  the  host  are  coupled. 

The  p,  orbitals  on  the  neighboring  Si  are  polarized  per¬ 
pendicular  to  the  “molecular”  axis  and  linear  combina¬ 
tions  of  these  can  be  constructed  with  either  Eu  or  Eg 
symmetry,  with  respect  to  the  bond-centered  site.  The 
interstitial’s  pv  orbital  couples  with  the  Si  p„-like  Eg  lev¬ 
els  and  gives  rise  to  the  Eg  level  which  falls  in  the  gap. 
(£„  levels  are  unaffected  by  the  interstitial  atom  and 
remain  in  the  bands.) 

Our  predictions  for  the  £g -symmetric  (p„  g-like)  deep 
levels  at  the  bond-centered  interstitial  site  in  Si  are  given 
in  Fig.  2,  and  show  similar  chemical  trends  to  those  found 
for  Al,  Si,  B,  P,  C,  and  N  by  Weigel:  (from  highest  to 
lowest)  Hg,  Cd,  and  Zn  (resonances  in  the  conduction 
band),  Be,  Tl,  In,  Ga,  Al,  Pb,  Sn,  Ge,  Si,  B,  Bi,  Sb,  Po,  Te, 
As,  At,  P,  Se,  I,  C,  S,  and  Br  (in  the  gap),  with  Cl,  N,  O, 
and  F  giving  levels  in  the  valence  band. 

In  our  model  for  interstitials  in  Si,  Al  is  only  0.86  eV 
above  C,  in  contrast  to  Weigel’s  result  which  places  Al 
more  than  4  eV  higher  than  C.  The  deep  levels  of  sym¬ 
metries  other  than  Eg,  namely,  Al  u  and  Ai  g,  all  lie  well 
outside  the  gap  for  all  interstitials. 

The  natural  occupation  of  the  Eg  deep  level  is  zero  elec¬ 
trons  for  group-II  impurities,  one  electron  for  group-III, 
two  electrons  for  group-IV,  three  electrons  for  group-V, 
and  four  electrons  for  group-VI  impurities.  Thus  the  neu¬ 
tral  defects  of  Pb,  Sn,  Ge,  Si,  and  C  at  the  bond-centered 
site  produce  a  one-electron  level  occupied  by  two  elec¬ 
trons.  Bi,  Sb,  As,  and  P  have  three  electrons  in  the  E  lev¬ 
el;  nitrogen  produces  a  valence-band  resonance  occupied 
initially  by  three  electrons  and  one  hole  in  this  model,  and 
so  donates  the  hole  to  the  top  of  the  valence  band,  form¬ 
ing  a  shallow  acceptor  (provided  the  extra  Coulomb  repul- 


FIG.  2.  Bound-state  energies  of  deep  levels  associated  with 
bond-centered  interstitials  as  a  function  of  the  p-orbital  energy 
in  the  solid  of  the  impurity.  The  zero  of  energy  for  the  deep  lev¬ 
els  is  the  valence-band  maximum;  the  zero  of  p-orbital  energy  is 
the  value  for  Si.  The  predicted  energy  levels  for  the  various  s- 
and  p-bonded  impurities  are  indicated  on  the  curve.  The  differ¬ 
ences  in  p-orbital  energies  “in  the  solid”  were  obtained  from  the 
empirical  rule  of  0.6  times  the  difference  of  atomic  p-orbital  en¬ 
ergies  (Ref.  4). 

sion  energy  of  the  fourth  electron  does  not  restore  the  N- 
deep  level  to  the  gap).  Po,  Te,  Se,  S,  and  O  have  four  elec¬ 
trons  in  the  deep  level.  At,  I,  Br,  Cl,  and  F  fill  the  deep 
level  with  four  electrons  and  produce  a  shallow  donor 
electron  near  the  conduction-band  edge  as  well.  Beryllium 
yields  an  empty  electron  trap,  whereas  Hg,  Cd,  and  Zn 
yield  an  empty  deep  resonance  above  the  conduction-band 
edge.  Of  course  it  is  not  known  which,  if  any,  of  these 
impurities  are  metastable  or  stable  at  the  bond-centered 
interstitial  site.  (Partially  occupied  E  levels  are  Jahn- 
Teller  unstable.)  Moreover,  these  predictions  of  absolute 
level  positions  may  be  in  error  by  ~0.5  eV,  and  should  be 
interpreted  with  this  large  uncertainty  in  mind. 

Watkins1  has  studied  the  neutral  B°  interstitial 
thoroughly  and  has  proposed  three  different  models  of  the 
interstitial  geometry — one  model  is  the  bond-centered  in¬ 
terstitial  with  a  significant  distortion  from  the  bond- 
centered  site.  We  predict  a  level  position  of  Ec  —0.39  eV 
for  B°  undistorted  from  the  bond-centered  site  in  remark¬ 
ably  good  agreement  with  the  experimental  estimate  of 
Ec  —0.15  (Ref.  1)  to  —  0. 13  eV  (Ref.  12),  where  Ec  is  the 
energy  of  the  conduction-band  edge. 

We  have  also  calculated  the  spin -resonance  hyperfine 
parameters  a}  and  bj  (Ref.  13)  and  the  wave-function 
coefficients  ctj,  0Jt  and  ijj  discussed  by  Watkins.1  Our  re¬ 
sults  for  undistorted  B°  are  compared  with  his  experimen¬ 
tal  results  in  Table  I.  Because  our  theoretical  B°  is  not 
distorted  from  the  bond-centered  interstitial  site,  we  have 
aj—  0  for  the  theory  (the  Eg -symmetric  state  is  purely  pv 
like),  and  no  distinction  between  what  Watkins  terms  Si  1 
and  Si2.  The  agreement  between  theory  and  data  is  good, 
but  not  excellent:  the  theory  places  25%  of  the  charge  on 
the  B  atom,  versus  33%  experimentally,  this  is  reasonable 
agreement  considering  the  simplicity  of  the  theory  and  the 
fact  that  we  have  not  allowed  our  B  to  relax  from  the 
bond-centered  site.  At  this  point,  it  would  appear  that  the 
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TABLE  I.  Energy  (in  eV)  and  amplitude  of  the  Et  state 
deep-level  wave  function  ijy.  on  the  B  interstitial  and  its  neigh¬ 
bors  Sil  and  Si2,  and  the  relative  amplitudes  of  the  s  and  p  orbi¬ 
tals,  aj  and  0j,  respectively.  Since  the  theory  considers  the 
undistorted  bond-centered  site,  the  s-crbital  contribution  ay  is 
zeio  on  all  three  sites  (for  Et  symmetry),  and  the  amplitudes  on 
the  two  silicon  atoms  are  the  same. 


Energy 

Theory 

ON 

d 

1 

Experiment 

Et  —0. 15,* 

Ee-0.13b 

Amplitudes: 

ai 

0i 

Vj 

B 

Theory 

0.0 

1.0 

0.50 

Experiment* 

0.17 

0.98 

0.57 

Sil 

Theory 

0.0 

1.0 

0.05 

Experiment* 

0.37 

0.93 

0.39 

Si2 

Theory 

0.0 

1.0 

0.05 

Experiment* 

0.14 

0.99 

0.44 

•Reference  1. 
’’Reference  12. 


theory  is  in  satisfactory  agreement  with  the  data  and  that 
the  assignment  of  B  to  a  bond-centered  site,  or  one  slight¬ 
ly  distorted  from  it,  is  reasonable. 

However,  the  theory  predicts  that  only  0.3%  (see  Fig.  3) 
of  the  B°  deep  level’s  charge  should  be  found  on  each  of 
the  adjacent  Si  sites,  whereas  experiment  finds  over  an  or¬ 
der  of  magnitude  more,  15—19%  for  T]2  (see  Table  I). 
Such  a  discrepancy  is  alarming,  because  this  basic  model 
has  successfully  obtained  the  observed  wave-function  am¬ 
plitudes  for  deep  levels  associated  with  substitutional  S+, 
Se+,  and  Te+  in  Si  (Ref.  14)  and  Al2+  at  the  tetrahedral 
interstitial  site  in  Si.2  We  have  examined  the  theory  and 
tried  different  tight-binding  host  Hamiltonians15  to  deter¬ 
mine  if  this  result  is  an  artifact  of  the  specific  model  we 
have  chosen.  We  do  not  believe  that  it  is.  We  conclude, 
in  agreement  with  earlier  work,16  that  the  observed  large 
charge  density  on  the  adjacent  Si  atoms  is  associated  with 
the  fact  that  the  neutral  B  defect  is  not  on  the  bond- 
centered  interstitial  site — either  because  the  lattice  has  dis¬ 
torted  somewhat  (as  is  known  to  be  the  case)  or  because 
the  assignment  of  the  bond-centered  site  as  the  parent  site 
is  incorrect.  However,  considerable  distortion  may  be 
necessary  to  cause  15%  of  the  deep  trap’s  charge  to  reside 
on  each  of  the  adjacent  Si  atoms.  Hence,  the  present  cal¬ 
culations  indicate  a  need  for  a  thorough  theoretical  study 
of  the  configuration  coordinates  of  B  in  Si,  and  the  depen¬ 
dence  of  the  interstitial  B  deep  level  and  wave  function  on 
the  position  of  the  B  atom  in  the  unit  cell. 

It  is  interesting  to  note  that  the  theoretical  B°  deep  level 
is  almost  nonbonding  with  its  neighboring  Si  atoms — an 
effect  noted  for  interstitials  on  tetrahedral  sites  as  well.2 
Perhaps  this  nonbonding  character,  combined  with  the  re¬ 
versal  of  ordering  of  s  and  p  electrons  discussed  above, 
makes  B  especially  vulnerable  to  lattice  distortion  and 
may  play  a  role  in  its  becoming  a  “negative-  U” 
center.8- >2- 17 
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FIG.  3.  Amplitudes  of  the  £f -symmetric  wave  function  on 
the  interstitial  site  (solid  line)  and  on  one  of  the  neighboring  sil¬ 
icon  atom  sites  (dashed  line)  as  a  function  of  the  deep-level  ener¬ 
gy  E  in  the  Si  band  gap.  The  arrow  indicates  the  predicted  en¬ 
ergy  position  of  the  B°  interstitial.  The  solid  triangles  are  the 
B°-interstitial  data  (Ref.  1)  for  the  wave-function  amplitudes  on 
the  two  nearest-neighbor  Si  atoms,  and  the  open  triangle 
represents  the  data  for  the  B  site  amplitude.  The  relative  signs 
of  the  amplitudes  cannot  be  determined  experimentally,  but 
have  all  been  taken  to  be  positive  for  deep  levels  near  the 
conduction-band  edge. 
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APPENDIX 

We  briefly  describe  the  calculation  of  bound  energy  lev¬ 
els  of  an  interstitial  at  the  bond-centered  site.  This  calcu¬ 
lation  follows  the  same  general  procedure  described  in 
more  detail  by  Sankey  and  Dow2  for  the  case  of 
tetrehedral-site  interstitials. 

The  Hamiltonian  of  the  host  crystal  plus  the  interstitial, 
in  a  localized-orbital  basis,  is  given  by 

\hq  w\ 

H=  jyf  jjj  ,  (Al) 

where  H0  is  the  Si  perfect-crystal  Hamiltonian,  H 1  is  the 
Hamiltonian  of  the  uncoupled  interstitial,  and  W  couples 
the  interstitial  atom  with  the  host  crystal.  H0  is  taken  to 
be  the  empirical  10 N X  10 N  sp is*  tight-binding  matrix  of 
Vogl  et  al.*  where  N  is  the  number  of  unit  cells.  The 
Hamiltonian  of  the  interstitial  atom  H  J  in  an  sp J  basis  is 
a  diagonal  4x4  matrix  with  matrix  elements  e„  ep,  ep, 
and  ep — the  s  and  p  orbital  energies.  Only  nearest- 
neighbor  interactions  with  the  interstitial  are  included  in 
the  calculation,  so  the  only  nonzero  submatrix  involving 
the  interstitial  is  12x  12  (four  orbitals  on  the  interstitial 
and  on  each  of  its  two  neighbors).  The  elements  of  W  are 
taken  to  be  the  corresponding  elements  of  the  perfect- 
crystal  tight-binding  Hamiltonian,4  scaled  with  distance 
according  to  Harrison ’s,s  d~2  rule,  where  d  is  the 
interstitial-host  bondlength. 
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The  interstitial  energy  levels  are  given  by 

det[l-Gref(£)F]=0,  (A  2) 

where  G„[{E)=(E  —Hn f)~ 1  is  the  Green’s  function  for  a 
(reference)  Si  interstitial  coupled  to  the  host  crystal.  H„{ 
is  the  Hamiltonian  of  Eq.  (Al)  with  a  Si  atom  in  the  inter¬ 
stitial  position  and  V  is  the  difference  betv.  -n  the  actual 
interstitial  Hamiltonian  and  the  reference:  H  —H„f+V. 
The  numerical  values  used  for  the  on-site  matrix  elements 
of  the  reference  interstitial  are  listed  in  Table  II.19 

In  the  case  of  a  bond-centered  interstitial  in  Si,  the  in¬ 
terstitial  occupies  a  site  of  Did  symmetry.  Thus  there  will 
be  eigenstates  of  A  symmetry,  of  A  lg  symmetry,  and 
of  twofold-degenerate  Eg  symmetry.  The  symmetrized 
on-site  basis  functions  of  the  interstitial  are 

I  Ai,g'>  =  |fW)>  » 

M  .,„>=! PzU)) , 

|  Eg,x)=  | pxU))  , 

and 

I  Eg>y)~  \py(J))  ,  (A3) 

where  the  z  axis  is  defined  to  lie  along  the  Si-J’-Si  axis, 
and  the  atom  is  indicated  in  the  parentheses. 

The  determinantal  equation  (A2)  reduces  to  a  set  of 
equations  of  the  Koster-Slater  type:20 

(A  |  G„f(E)  |  A >  =  ( A  |  ,  (A4) 

where  |  A )  is  one  of  the  basis  states  listed  above  in  Eq. 
(A3).  The  diagonal  elements  of  the  reference  Green’s 
function  are  given  by 

<  A  |  Grf(E)  |  A)  -[£  -  (A  1  HJnt  |  A)  -^(E)]"1  ,  (A5) 

where  we  have 


TABLE  II.  Matrix  elements  (in  eV)  used  in  the  calculation, 
using  the  notation  of  Ref.  19.  These  matrix  elements  were  ob¬ 
tained  by  scaling  the  bulk  Si  parameters  of  Ref.  4  by  d~2  (Ref. 

m _ 

’  Wae=  <7(Si )  |  H  |  s ( J) )  =  - 8. 300 

»V=<j(Si)|tf  | />„(./)}  =9,924 
Wpp„=(PJSi)\H  \pvU))  =  -2.860 
W„0={po(S\)\H  |poW)>  =  10.864 

ej(Si)=(s(Si)  \H  jj(Si))  =  — 4.200 
e,(Si)=<p(Si)|tf|p(Si)>=  1.715 


2a(£)  =  <A|  W*G0(E)W\k)  .  (A6) 

The  only  matrix  elements  which  we  have  not  yet  specified 
are  those  of  the  perfect-crystal  Green’s  function 
G0(E)—{E  — These  are  computed  from  the 
perfect-crystal  tight-binding  Hamiltonian  H0  using  the 
special-points  method.2' 

For  the  twofold-degenerate  Eg  level,  Eqs.  (A4)— (A6) 
reduce  to 

E  i Si ) — 2Wppn[  (pjj (Si  1 )  |  Gq  | px(Si  1 ) ) 

+  <p,(Sil)|G0|p,(Si2)>;  =  K,  . 

(A7) 

Here  the  two  Si  atoms  are  denoted  Sil  and  Si2. 
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Abstract 


Recent  theoretical  work  on  the  physics  of  surface  deep  impurity  states, 
intrinsic  surface  states,  and  surface  core  exciton  states  in  semiconductors  is 
reviewed.  The  Schortky  barrier  ehights  of  the  cocoon’  semiconductors  can  be 
understood  in  torus  of  Ferai-level  pinning  by  various  surface  deep  levels 
associated  with  native  defects  or  defects  produced  by  surface  treatments.  The 
sane  theoretical  framework,  which  has  been  successfully  applied  to  bulk 
deep-level  problems,  also  provides  a  good  account  of  the  physics  of  intrinsic 
surface  state  di suersion  relations  and  surface  core  exciton  states. 
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I.  Introduction 

In  the  bulk  of. a  tetrahedral  semiconductor,  a  single  substitutional  s-p 

bonded  impurity  or  vacancy  will  ordinarily  produce  four  "deep"  levels  with 

\ 

energies  near  the  fundamental  band  gap:  one  s-like  (A^ )  and  three  p-like  (^2) 
[1].  These  deep  levels  may  lie  within  the  fundamental  band  gap,  in  which  case 
they  are  conventional  deep  levels,  or  they  may  lie  within  either  the 
conduction  or  the  valence  band  as  "deep  resonances."  A  sheet  of  N  vacancies 
will  produce  4N  such  deep  levels  —  namely,  the  intrinsic  surface  state  energy 
bands,  which  may  or  may  not  overlap  the  fundamental  gap  (to  a  good 
approximation,  insertion  of  a  sheet  of  vacancies  is  equivalent  to  creating  a 
surface). 

Intrinsic  surface  states  have  common  underlying  physics  with  deep 
impurities  because  they  too  result  from  localized  perturbations  of  a 
semiconductor  [2] ,  and  so  their  energies  can  be  relatively  easily  predicted  by 
extending  to  surfaces  ideas  developed  by  Hjalmarson,  Vogl,  Wolford,  et  al.  [1] 
for  the  deep  impurity  problem.  This  has  been  done  by  several  authors 
[3] [A] [5] [6J [7] [S] [9] [10] [ 11] [12] ,  most  notably  by  Allen  and  co-workers 
[13] [14] [15] [16] [17] . 

Extrinsic  and  native-defect  surface  states  also  are  governed  by  similar 
physics,  and  are  especially  interesting  in  the  light  of  the  Schottky  barrier 
problem:  Bardeen  showed  that  modest  densities  of  surface  states  on  a 

semiconductor  can  "pin"  the  Fermi  level  [18],  forming  a  Schottky  barrier.  The 
bulk  Fermi  energies  of  the  semiconductor,  the  metal,  and  the  semiconductor 
surface  must  align  (Fig.  1).  If  the  semiconductor  is  heavily  doped  n-type,  the 
surface  Fermi  energy  is  the  lowest  empty  surface  state.  The  bands  bend  to 
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accomodate  this  alignment  of  Fermi  levels,  forming  the  Schottky  barrier.  Thus 
the  Schottky  barrier  height  is  the  binding  energy  of  the  lowest  naturally 
empty  surface  state,  relative  to  the  conduction  band  edge.  In  1976  Spicer  et 
al.  proposed  that  the  Bardeen  surface  states  responsible  for  pinning  the  Fermi 
energy  are  due  to  native  defects  [18] [ 19] [20] [ 21] [22] . 

Surface  core  excitons  are  similar  to  surface  defect  states,  as  can  be 
seen  by  using  the  optical  alchemy  approximation  [23]  or  the  Z+l  rule  [24]. 
Consider  core  excitation  of  a  Ga  atom  at  the  surface  of  GaAs;  the  radius  of 
the  core  hole  is  sufficiently  small  that  the  hole  can  be  assumed  to  have  zero 
radius  (i.e.,  the  hole  is  equivalent  to  an  extra  proton  in  the  nucleus).  Thus 
the  core-excited  electron  feels  the  potential  of  an  atom  whose  atomic  charge  Z 
is  greater  than  that  of  Ga  by  unity,  namely  Ge.  Thus  the  Ga  core  exciton 
spectrum  is  approximately  the  same  as  the  spectrum  of  a  Ge  impurity  on  a  Ga 
site.  Hence  the  core  exciton  states  in  semicondutors  can  be  either  "shallow" 
(Wannier-Mott  excitons)  or  "deep"  (Hjalmarson-Frenkel  excitons),  as  is  the 
case  for  impurity  states.  The  deep  Hjalmarson-Frenkel  excitons  are  similar  to 
the  surface  deep  levels  associated  with  impurities. 

In  this  paper,  we  show  that  the  physics  of  deep  impurity  levels, 
intrinsic  surface  states,  surface  impurity  states,  Schottky  barriers,  and 
Hjalmarson-Frenkel  core  excitons  are  all  similar. 

II.  Deep  impurity  levels  at  the  surface: 

Schottky  barriers  and  Fermi-level  pinning 


Page  4 


The  basic  physics  of  most  Schottky  barriers  can  be  explained  in  terms  of 
the  Fermi-level  pinning  idea  of  Bardeen  [18].  Stated  in  a  slightly 
oversimplified  form  for  a  degenerately  doped  semiconductor  at  zero 
temperature,  the  Fermi  energies  of  the.mdtal,  the  bulk  semiconductor,  and  the 
semiconductor  surface  all  align  in  electronic  equilibrium.  For  an  n-type 
semiconductor  with  a  distribution  of  electronic  states  at  the  surface,  the 
Fermi  level  of  the  neutral  surface  is  the  energy  of  the  lowest  states  that  is 
not  fully  occupied  by  electrons.  Electrons  diffuse,  causing  band-bending  near 
the  semiconductor  surface,  until  the  surface  Fermi  energy  aligns  with  the 
Fermi  levels  of  the  bulk  semiconductor  and  the  metal.  This  results  in  the 
formar ion  of  a  potential  barrier  betweeen  the  semiconductor  and  the  metal,  the 
Schottky  barrier  (Fig.  1).  For  an  n-type  semiconductor,  the  Schottky  barrier 
height  is  essentially  the  energy  separation  between  the  surface  state  that  is 
the  Fermi  level  and  the  conduction  band  edge.  For  a  p-type  semiconductor,  the 
barrier  height  is  the  energy  of  the  highest  occupied  electronic  state  of  the 
neutral  surface,  relative  to  the  valence  band  maximum.  Thus  the  problem  of 
determining  Schottky  barrier  heights  is  reduced  to  obtaining  the  energy  levels 
of  the  surface  states  responsible  for  the  Fermi-level  pinning. 

In  his  original  article,  Bardeen  focussed  his  attention  on  intrinsic 
semiconductor  surface  states  as  the  most  likely  candidates  for  Fermi-level 
pinning.  But  he  also  pointed  out  that  deep  levels  in-  the  gap.,  associated  with 
impurities  or  native  surface  defects  could  also  be  responsible  for  the 
phenomenon. 
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Following  Bardeen's  work,  a  major  advance  occurred  as  a  result  of  the 
experiments  of  Mead  and  Spitzer  [25]  who  determined  the  Schottky  barrier 
heights  of  many  semiconductors,  both  n-type  and  p-type.  Most  of  those  old  data 
have  been  confirmed  by  modern  measurements  taken  under  much  more  favorable 
experimental  conditions. 

However,  after  this  work,  the  Schottky  barrier  problem  was  widely 
regarded  as  understood  [26]  in  terms  of  concepts  quite  different  from 
Fermi-level  pinning. 

In  recent  years  Spicer  and  co-workers  have  revived  the  Fermi-level 
pinning  model  and  have  argued  that  the  pinning  is  accomplished  by  native 
defects  at  or  near  the  surface.  Their  picture  is  that  during  the  deposition  of 
the  metal  native  defects  are  created  at  or  near  the  semiconductor/metal 
interface,  and  that  these  semiconductor  surface  defects  produce  deep  levels  in 
the  band  gap  that  are  responsible  for  Fermi-level  pinning. 

Spicer's  viewpoint  has  been  contested  by  Brillson  and  co-workers  [27], 
who  have  emphasized  the  importance  of  chemical  reactivity  on  barrier  height. 
The  Brillson  viewpoint  gains  support  from  the  observation  of  well-defined 
chemical  trends  in  the  variation  of  barrier  height  with  the  heat  of  reaction 
of  the  metal/semiconductor  interface,  as  shown  for  n-InP  by  Williams  et  al. 
[ 28 ] 1 29 ] [ 30 ]  (Fig.  2).  (We  believe  that  the  Spicer  and  Brillson  viewpoints  can 
be  reconciled.) 

Daw,  Smith,  Swarts,  and  McGill  [31]  have  proposed  that  free  surface 
vacancies  account  for  some  of  the  observed  Schottky  barrier  heights  in  III-V 
semiconductors.  Allen  and  co-workers  have  argued  that  antisite  defects 
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[32] [33] [34] [35] [36]  "sheltered"  [37]  at  the  surface  pin  the  Fermi  energy  for 
most  Schottky  barriers  between  III-V  semiconductors  and  non-reactive  metals, 
but  that  vacancies  become  the  dominant  pinning  defect  when  the  metal  is 
reactive  [36],  Thus  the  Brillson  reactivity  picture  can  be  unified  with  the 
Spicer  Fermi-level  pinning  picture:  the  chemical  reaction  merely  changes  the 
dominant  pinning  defect.  The  experimental  results  of  Mead  and  Spitzer  [25], 
Wieder  [38] [39] [40] ,  Williams  [28] [ 29] [ 30] ,  Mbnch  [41] [42] [43] [44] [45] ,  their 
co-workers,  and  many  others  support  this  general  viewpoint. 

Moreover,  the  connection  between  the  Schottky  barriers  formed  at  Si 
interfaces  with  transition  metal  silicides  and  the  barriers  between  III-V 
semiconductors  and  metals  appears  to  be  provided  by  the  recent  work  of  Sankey 
et  al.  [46]:  Fermi-level  pinning  can  account  for  the  silicide  data  as  well. 
Thus  a  single  unifying  picture  of  Schottky  barrier  heights  in  III-V  and 
hooopolar  semiconductors  appears  to  be  emerging.  And  although  this  Fermi-level 
pinning  picture  is  no  doubt  oversimplified,  it  does  provide  a  simple 
explanation  of  the  first-order  physics  determining  Schottky  barrier  heights, 
and  how  the  physics  changes  when  the  dominant  defect  switches  as  a  result  of 
chemical  reactivity. 

It  appears  unlikely,  however,  that  the  Fermi-level  pinning  mechanism  of 
Schottky  barrier  formation  is  universal.  Layered  semiconductors  appear  not  to 
exhibit  Fermi-level  pinning,  but  rather  seem  to  obey  the  original  Schottky 
model  [30],  This  is  probably  because  the  layered  semiconductors'  surfaces  are 
relatively  impervious  to  defects  and  do  not  have  defect  levels  in  the  band 
gap. 
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The  Fermi-level  pinning  mechanism  of  Schottky  barrier  formation  has  the 
most  advocates  for  II1-V  semiconductors  such  as  GaAs  and  InP.  However,  even 
for  these  materials  there  are  other  proposed  mechanisms  for  Schottky  barrier 
formation,  most  notably  those  of  Freeouf  147]  and  Ludecke  [48}. 

Studies  of  Si,  especially  Si /transition-metal  silicide  interfaces,  have 
focussed  on  the  role  of  the  silicide  in  Schottky  barrier  formation  [49],  in 
contrast  to  the  studies  of  Ill-V's.  Thus,  prior  to  the  receni  work  of  Sankey 
et  al.  [46],  it  was  widely  believed  that  Fermi-level  pinning  was  not 
responsible  for  the  Schottky  barrier  at  these  silicide  interfaces. 

Thus  the  present  state  of  the  field  is  that  Fermi-level  pinning  has  its 
advocates  for  some  semiconductors,  but  is  not  generally  accepted  as  a 
universal  mechanism  of  ..  Schottky  barrier  formation,  especially  at 
Si/transition-metal  silicide  interfaces. 

A  central  point  of  this  paper  is  the  Fermi-level  pinning  can  explain  an 
enormously  wide  range  of  phenomena  relevant  to  Schottky  barrier  formation  in 
III-V  semiconductors  and  in  Si  —  which  no  other  existing  model  can  do.  In 
fact,  the  authors  believe  that  Fermi-level  pinning  by  native  defects  is 

i 

responsible  for  the  Schottky  barrier  formation  in  III-V  semiconductors  and  in 
Si. 

Our  approach  to  the  problem  is  simple:  we  calculate  deep  levels  of 
defects  at  surfaces  and  interfaces,  and  we  use  these  calculations  to  interpret 
existing  data  in  terms  of  the  Fermi-level  pinning  model.  To  illustrate  our 
approach,  we  first  consider  the  Si/transition-metal  silicide  Interface  and 
Fermi-level  pinning  by  dangling  bonds,  as  suggested  by  Sankey  et  al.  [46]. 
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a)  Si/ transit  ion-metal  silicide  Schottky  barriers 

A  successful  theory  of  Si/transition-metal  silicide  Schottky  barrier 
heights  must  answer  the  following  questions:  (1)  How  are  the  Schottky  barrier 
heights  at  Si/transition-metal  silicide  interfaces  related  to  those  at 
interfaces  of  III-V  semiconductors  with  metals  and  oxides?  (2)  Why  is  it  that 
Schottky  barrier  heights  of  Si  with  different  transition  metals  do  not  differ 
by  “1  eV,  since  changes  of  silicide  electronic  structure  on  this  scale  are 
known  to  occur  [50]?  (3)  What  is  the  explanation  of  the  weak  chemical  trends 
that  occur  on  a  “0.1  eV  scale  [50]?  (4)  Why  are  the  Schottky  barrier  heights 
of  silicides  with  completely  different  stoichiometries,  such  as  Ni0Si,  NiSi, 
and  NiSi2  nil  equal  to  within  “0.03  eV?  (5)  Why  are  the  Schottky  barrier 
heights  virtually  independent  of  the  silicide  crystal  structure?  (6)  Why  is  it 
that  barriers  form  with  less  than  a  monolayer  of  silicide  coverage?  (7)  Why  do 
the  Schottky  barrier  heights  for  n-  and  p-Si  very  nearly  add  up  to  the  band 
gap  of  Si?  (8)  What  role  do  the  d-electrons  of  the  transition  metal  play  in 
Schottky  barrier  formation? 

The  answers  to  all  of  these  questions  are  simple  and  straightforward,  if 
one  proposes  (as  Sankey  et  al.  [46]  have  done)  that  the  Si/transition-metal 
silicide  Schottky  barriers  are  a  result  of  Fermi-level  pinning  by  Si  dangling 
bonds  at  the  Si/transition-metal  silicide  interface.  (1)  The  Fermi-level 
pinning  idea  unifies  the  Si/transition-metal  silicide  Schottky  barriers  with 
those  found  for  the  III-V's.  (2)  The  Schottky  barrier  heights'  independence  of 
the  transition-metal  silicide  comes  from  the  fact  that  the  causative  agent, 
the  Si  dangling  bond,  is  associated  with  the  Si,  and  not  with  the  silicide  of 
transition  metal.  (3)  The  weak  chemical  trends  in  barrier  heights  occur 
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because  the  different  transit ion-metal  silicides  repel  the  Si  dangling  bond 
wavefunction  somewhat  differently,  causing  it  to  lie  slightly  more  or  less  in 
the  Si.  (4,5)  The  Schottky  barrier  heights  vary  very  little  with  silicide 
stoichiometry  and  silicide  crystal  structure  because  the  Si  dangling-bond 
level  is  "deep-level  pinned"  in  the  sense  of  Hjalnarson  et  al.  [1]:  a  large 
change  in  defect  potential  produces  only  a  small  change  in  the  deep  level 
responsible  for  Fermi-level  pinning.  The  transition  metal  atoms  act  as  inert 
encapsulants  with  the  electronic  properties  of  vacancies,  because  their  energy 
levels  are  out  of  resonance  with  the  Si.  (6)  Sub-monolayer  barrier  formation 
occurs  because  the  Si  dangling-bond  defect  responsible  for  the  Fermi-level 
pinning  is  a  localized  defect  that  forms  before  a  full  interface  is  formed. 
(7)  The  Schottky  barrier  heights  for  n-Si  and  p-Si  add  up  to  the  band  gap 
because  (in  a  one-electron  approximation)  the  pinning  level  associated  with 
the  neutral  Si  dangling-bond  at  the  interface  is  occupied  by  one  electron,  and 
so  can  accept  either  an  electron  or  a  hole:  it  is  the  surface  Fermi  level  for 
both  electrons  and  holes  —  both  the  lowest  partially  empty  state  and  the 
highest  partially  filled  state.  (8)  The  d-electrons  of  the  transition  metal 
atoms  play  no  essential  role  in  the  transition-metal  silicide  Schottky  barrier 
formation,  except  to  determine  the  occupancy  of  the  Si  dangling  bond  deep 
level;  they  are  out  of  resonance  with  the  Si  at  the  interface. 

The  physics  of  the  Si  dangling-bond,  Fermi-level  pinning  mechanism  is 
contained  in  the  very  simple  model  presented  by  Sankey  et  al.  (46]:  to  a  good 
approximation,  a  Si  dangling-bond  at  a  Si/transition-metal  silicide  interface 
is  the  same  as  a  vacancy  in  bulk  Si  with  three  of  its  four  neighbors  replaced 
by  transition-metal  atoms.  To  illustrate  this  physics,  consider  first  a 
vacancy  in  bulk  Si.  This  defect  produces  four  deep  levels  near  the  band  gap:  a 
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non-degenerate  Aj  or  s-like  level  deep  in  the  valence  band  (a  "deep 
resonance")  and  a  chree-fold  degenerate  T2  level  in  the  band  gap.  The  Si 
dangling  bond  defect  at  a  Si/transition-metal  silicide  interface  differs  for 
the  bulk  Si  vacancy  in  two  ways:  (l)'some  of  the  nearest-neighbors  of  the 
interfacial  vacancy  are  transition-metal  atoms  rather  than  Si  atoms;  and  (2) 
more  distant  neighbors  are  also  different  atoms  at  different  positions  —  but 
the  experimental  fact  that  Schottky  barriers  form  at  submonolayer  coverages 
suggests  that  these  differences  in  remote  atoms  are  unimportant.  Thus  we  can 
imagine  constructing  the  Fermi-level  pinning  defect  by  slowly  changing  some  of 
the  Si  atoms  adjacent  to  a  bulk  Si  vacancy  into  transition-metal  atoms  (Fig. 
3). 


To  be  specific  we  consider  a  Si/NiS^  interface,  with  a  missing  Si-bridge 
atom.  Thus  (Fig.  4)  the  Si  bond  dangles  into  the  vacancy  left  by  the  removal 
of  the  Si  bridge  atom;  this  vacancy  is  surrounded  by  one  Si  atom  and  three  Hi 
atoms . 

How  are  the  Ni  atoms  different  from  Si?  First,  their  s  and  p  orbital 
energies  lie  well  above  those  of  Si.  Second,  they  each  have  an  additional  d 
orbital,  with  an  energy  that  lies  well  below  the  Si  s  and  p  orbital  energies 
(and  is  not  terribly  relevant  here).  The  very  positive  Ni  s  and  p  energies  act 
as  a  repulsive  potential  barrier  to  electrons,  repelling  the  Si  dangling  bond 
electron  from  their  vicinity  in  the  silicide  and  forcing  it  to  reside  almost 


exclusively  in  the  Si. 
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The  effect  of  this  positive  potential  barrier  due  to  the  Ni-Si 
difference,  as  it  is  turned  on  slowly  in  our  imagination,  is  to  drive  the 
levels  of  the  bulk' vacancy  upward  in  energy.  In  fact,  for  Ni,  the  potential  is 
sufficiently  positive  to  drive  the  T2*bulk-Sl  vacancy  level  out  of  the  gap 
into  the  conduction  band.  Ac  the  same  time,  the  Aj  deep  resonance  of  the  Si 
bulk  vacancy  is  also  driven  upward.  For  sufficiently  large  and  positive 
potential,  it  pops  into  the  fundamental  band  gap. 

The  Aj-derived  level  cannot  be  driven  all  of  the  way  through  the  gap  by 
the  potential  though,  because  an  (approximate)  level-crossing  theorem  prevents 
this.  A  simple  way  to  see  that  there  is  an  upper  bound  within  the  gap  for  the 
perturbed  A^  level  is  to  consider  a  paired-defect  of  a  vacancy  with  a 
neighboring  atom  X.  If  the  atom  X  is  Si,  then  the  defect  levels  are  the  A^ 
(s-like)  valence  band  resonance  and  T2  (p-like)  band  gap  deep  level  of  the 
bulk  Si  vacancy.  A^  and  T2  are  not  good  irreducible  representation  labels  of 
the  (VSi,X)  pair  however;  the  Aj^  level  becomes  a-bonded  and  the  T2  level 
produces  one  0 -bonded  and  two  n -bonded  orbital,  with  the  o-bond  oriented  along 
the  Vg^,X  axis  and  with  the  it  bonds  perpendicular  to  it.  Thus  the  unperturbed 
(X=Si)  a  levels  of  the  (Vg^X)  pair  are  the  A-^  and  T2  bulk  Si  vacancy  levels. 
The  interlacing  or  no-crossing  theorem  [51]  states  that  a  perturbation  cannot 
move  a  level  further  than  the  distance  to  the  nearest  unperturbed  level.  (It 
applies  only  approximately  here.)  Hence  no  matter  how  electropositive  X  is, 
the  (Vg^ , X)  level  derived  from  the  Si  vacancy  Aj  level  cannot  lie  above  the  Si 
vacancy  T2  level.  These  considerations  for  general  (VSi,X)  pairs  hold  for  the 
specific  case  of  (VSi,Ni)  pairs,  and  carry  over  to  the  dangling  bond  defect  at 
the  Si/transition-metal  silicide  interface,  which  is  a  vacancy  surrounded  by 
three  Ni  atoms  and  one  Si.  Thus  the  dangling-bond  Aj  deep  level  is  "deep-level 
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pinned"  (as  distinct  from  Fermi-level  pinned)  in  the  sense  of  Hjalmarson  et 
al.  [1],  and  is  insensitive  to  even  major  changes  in  the  nearby 
transition-metal  atoms.  To  a  good  approximation,  the  nearby  transition-metal 
atoms  have  the  same  effect  as  vacancies  ' (which  can  be  simulated  [52]  by 
letting  the  orbital  energies  of  the  transition-metal  atoms  approach  +», 
thereby  decoupling  the  atoms  from  the  semiconductor). 

Thus  the  work  of  Sankey  et  al.  [46]  not  only  provides  an  explanation  of 
the  Si/transition-metal  silicide  Schottky  barriers,  it  explains  why 
calculations  for  defects  at  a  free  surface  often  can  provide  a  very  good 
description  of  the  physics  of  Schottky  barriers:  the  defects  at  interfaces  are 
"sheltered"  [37]  or  encapsulated  by  vacancies  or  by  metal  atoms  that  have 
orbital  energies  out  of  resonance  with  the  semiconductor  atoms;  because  of  the 
deep-level  pinning,  the  free-surface  defects  (which  can  be  thought  of  as 
encapsulated  by  vacancies)  have  almost  the  same  energies  as  the  actual 
interfacial  defects. 


b)  III-V  Schottky  barriers 

The  Fermi-level  pinning  story  for  Si/transition-metal  silicides  holds  for 
Schottky  barriers  formed  on  Ill-V  semiconductors  as  well.  Here  we  summarize 
the  main  predictions  of  the  theory. 

The  basic  approach  of  the  theory  was  to  calculate  the  energy  levels  in 
the  band  gap  of  thirty  s-  and  p-bonded  substitutional  point  defects  at  the 
relaxed  [53]  (110)  surfaces  of  III-V  semiconductors.  With  these  results  in 
hand,  Allen  et  al.  examined  Schottky  barrier  data  in  the  context  of 
Fermi-level  pinning  and  eliminated  from  consideration  all  defects  that 
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produced  levels  considerably  farther  than  "0.5  eV  (the  theoretical 
uncertainty)  from  the  observed  pinning  levels.  Interstitial  defects  were  not 
considered;  they  '"have  less  of  a  tendency  [54]  to  exhibit  the  deep-level 
pinning  that  is  responsible  for  the  experimental  fact  that  different  metals 
produce  similar  Schottky  barrier  heights.  Moreover,  extended  defects  were  not 
considered  initially,  because  it  is  known  that  paired-defect  spectra  are 
intimately  related  to  and  similar  to  isolated  isolated-defect  spectra  [55].  (A 
more  complete  theory  of  Fermi-level  pinning  by  paired  defects,  especially  in 
GaSb  where  vacancy-antisite  pairs  are  important,  is  in  preparation.) 

For  clean  semiconductors,  the  native  substitutional  defects  potentially 
responsible  for  the  commonly  observed  Fermi-level  pinning  are  vacancies  and 
antisite  defects  (anions  on  cation  sites  or  cations  on  anion  sites). 

In  GaAs,  the  defects  proposed  by  Allen  et  al.  [32]  as  responsible  for 
Fermi -level  pinning  and  Schottky  barrier  formation  are  the  antisite  defects. 
The  cation-on-the-As-site  defect  accounts  for  trends  with  alloy  composition  of 
the  Schottky  barrier  heights  of  n-type  Inj_xGaxAs  and  Ga^_yA£.yAs  alloys  (Fig. 
5).  The  Fermi -level  pinning  of  p-InAs  [56],  which  shows  quite  different  alloy 
dependences  [57],  is  also  explained. 

This  picture  of  Fermi-level  pinning  has  been  confirmed  recently  by  Monch 
and  associates,  who  annealed  Schottky  barriers  and  showed  that  the  Fermi-level 
pinning  disappeared  at  the  same  temperature  that  the  bulk  (and  presumably  also 
the  surface)  antisite  defect  is  known  to  anneal  [58!  . 
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InP  is  ‘an  even  more  interesting  material,  because  its  Schottky  barrier 
appears  to  depend  on  the  heat  of  reaction  of  the  interface  [28] [29] [30] .  This 
can  be  readily  explained  [36]  however  in  terms  of  switching  of  the  dominant 
Fermi-level  pinning  defect  from  an  antisite  defect  for  non-reactive  metals  to 
a  vacancy  for  reactive  metals  (Fig.  2). 

Moreover,  surface  treatments  are  known  to  alter  the  Schottky  barrier 
height  of  n-InP,  in  a  manner  that  can  be  easily  understood  in  terms  of  the 
theory  [36]:  Surface  treatments  with  Sn  or  S  produce  shallow  donor  levels 
associated  with  SnIn  or  Sp  at  the  surface,  and  these  levels  pin  the  surface 
Fermi  energy  for  contacts  between  n-InP  and  the  non-reactive  noble  metals'^ 
Likewise  0  and  C£  treatments  lead  to  reactions  with  P  that  leave  P-vacancies , 
so  that  the  surface  Fermi-level  of  treated  n-InP  interfaced  with  non-reactive 
metals  lies  near  the  conduction  band  edge  —  as  though  the  metals  were 
reactive. 

Thus  the  Fermi-level  pinning  idea  appears  to  provide  a  simple  and 
unifying  understanding  of  a  wide  variety  of  Schottky  barrier  data  in  the 
common  semiconductors. 

III.  Intrinsic  surface  states 

The  calculations  of  surface  defect  levels  for  the  Schottky  barrier 
problem  can  be  checked  by  simultaneously  evaluating  surface  state  energies  and 
comparing  them  with  the  considerable  body  of  available  data.  The  theory 
underlying  surface  state  calculations  is  basically  the  same  as  that  for  bulk 
point  defects  or  surface  defects.  It  is  quite  simple,  and  requires  only  (1) 
the  well-established  empirical  tight-binding  Hamiltonian  of  the  semiconductor 
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[59]  (the  matrix  elements  of  the  Hamiltonian  exhibit  manifest  chemical  trends 
from  one  semiconductor  to  another),  and  (2)  knowledge  of  the  positions  of  the 
atoms  at  the  surfaife.  Thus  a  reliable  treatment  of  the  surface  states  of  a 
semiconductor  requires  an  adequate  model  of  the  geometrical  structure  of  the 
surface.  At  present,  no  semiconductor  surface  structures  are  beyond 
controversy  [60],  but  two  seem  to  be  rather  well  accepted;  the  (110)  surface 
structure  of  III-V  and  11-VI  semiconductors  with  the  zincblende 
[53] [61] [62] [63] ,  and  the  (lOTO)  surface  structure  of  II-VI  semiconductors 
with  the  wurtzite  structure  [62],  In  particular,  (110)  zincblende  surfaces  are 
characterized  by  an  outward,  alnost-rigid-rotation  relaxation  of  the  anion 
(e.g.,  As  in  GaAs),  with  the  bond  between  surface  anion  and  surface  cation 
rotating  through  about  27°  (III-V's)  or  33°  (II-VI's),  and  with  small  bond 
length  changes  and  subsurface  relaxations. 

a)  (110)  surfaces  of  III-V  and  11-VI  zincblende  semiconductors 

During  the  past  five  years,  a  number  of  groups  have  reported  experimental 
and  theoretical  studies  of  intrinsic  surface  states  at  (110)  zincblende 
surfaces  [3] [4] [5] [6] [7] [8] [9] [10]  [1 1 J  [  12][ 13] [ 14] [ 15] [ 16] [ 17] [ 18] 
[64] [65] [ 66] [ 67 ] [ 68] [ 69] [ 70] [ 71 ] [ 72] [73] .  In  Fig.  6,  we  show  the  roost  recent 
calculation  for  the  dispersion  curves  E(Jt)  at  the  GaAs  (110)  surface  [14], 
together  with  the  measured  surface  state  energies  fo  Williams,  Smith,  and 
Lapeyre  [65]  and  of  Huijser,  van  Laar,  and  van  Rooy  [66].  The  calculation 
employs  the  ten-band  sp^s*  empirical  tight-binding  model  of  Vogl  et  al.  [59]. 
The  agreement  between  theory  and  experiment  is  excellent.  For  example,  along 
the  symmetry  lines  X'R  and  RX  (i.e.,  the  boundary  of  the  surface  Brillouin 
zone),  the  uppermost  branch  of  observed  states  appears  to  be  explained  by  A^, 
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the  next  brhnch  by  the  overlapping  resonances  and  ^  ,  and  the  three  lower 
branches  by  A^',  A^,  and  C2.  Here  "A"  and  "C"  refer  to  states  localized 
primarily  on  anion^and  cation  sites,  respectively.  A  detailed  comparison  with 
previous  theoretical  studies  of  the  GaAs  (110)  surface  is  given  in  Ref.  [14]. 
The  primary  additional  features  are  (i)  the  states  A^  through  A^  and 
through  (in  the  notation  of  Ref.  [7])  were  located  as  bound  states  or 

resonances  at  all  planar  wavevector  £  along  the  symmetry  lines  of  the  surface 
Brillouin  zone,  3nd  (ii)  two  "new"  resonances,  A^ '  and  A2'  were  found.  (The 
branch  Aj '  was  reported  in  Refs.  [5]  and  [74],  but  not  in  the  other 
theoretical  studies.  The  branch  P12'  had  not  been  previously  reported.)  The 
discovery  of  this  additional  resonant  structure  is  apparently  due  to  an 
improved  technique  for  calculating  bound  states  and  resonances  —  the 
"effective  Hamiltonian"  technique  [14]. 

In  Fig.  7,  the  theoretical  dispersion  curves  of  Beres  et  al.  [14]  are 
shown  for  the  (110)  surface  of  ZnSe,  together  with  the  measured  surface  state 
energies  reported  by  Ebina  et  al .  [11].  Again,  the  agreement  between  theory 
and  experiment  is  quite  satisfactory,  being  a  few  tenths  of  an  eV  near  the 
band  gap,  and  larger  for  more  distant  states.  Some  apparent  discrepancies  [11] 
between  experiment  and  previous  theory  were  found  to  be  resolved  by  a  more 
complete  treatment  of  the  resonances,  using  the  approach  described  above. 

Surface  state  dispersion  relations  have  also  been  calculated  for  GaP, 
GaSb,  InP,  InAr. ,  InSb,  A£P,  AiAs,  A£.Sb,  and  ZnTe  [14]  [15]  [16]  [17].  In  none  of 
the  direct-gap  materials  were  intrinsic  surface  states  found  within  the  band 
gap.  GaP,  however,  was  found  to  have  a  band  of  unoccupied  surface  states  that 
overlaps  the  fundamental  band  gap  and  extends  below  the  bulk,  conduction  band 
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edge.  This  is  in  accord  with  the  experimental  facts:  of  these  semiconductors 
only  GaP  has  surface  states  in  the  gap  [18] [69] [70] [71] [72] .  Of  the  remaining 
indirect-gap  materials,  the  theory  indicates  that  intrinsic  surface  states  may 
be  observable  near  the  top  of  the  band  gap  in  the  indirect-gap  Ai-V  compounds 
[16],  although  the  theory  is  not  sufficiently  accurate  to  predict 
unequivocally  that  the  states  will  lie  within  the  gap. 

b)  Si  (100)  (2*1)  intrinsic  surface  states 

After  many  years  of  intensive  study  by  numerous  groups,  there  is  still 
controversy  over  the  geometrical  structures  of  the  most  thoroughly  studied 
semiconductor  surfaces:  Si  (100)  (2*1)  and  Si  (111)  (2x1).  For  example,  four 
groups  have  recently  given  arguments  for  antiferromagnetic  ordering  of  Si 
(111)  surfaces  [75],  whereas  Pandey  has  proposed  replacing  the  conventional 
buckling  model  [76] [77] [78]  of  Si  (111)  (2x1)  by  a  (llO)-like  chain  model 

[79]  . 

In  the  case  of  Si  (100),  arguments  have  recently  been  presented 

[80]  [81] [82]  against  the  (2x1)  asymmetric  dimer  model  of  Chadi  [83].  (In  the 
asymmetric  dimer  model,  adjacent  rows  of  surface  atoms  dimerize,  forming  a 
pattern  of  paired  atomic  rows  on  the  surface.)  The  most  telling  of  these 
arguments  involves  the  apparent  disagreement  between  angle-resolved 
photoemission  measurements  of  the  surface-state  dispersion  curves  [64] [65]  and 
theoretical  calculations  of  these  dispersion  curves  with  conventional  models 
of  the  electronic  structure  as  applied  to  the  asymmetric  dimer  geometry 
[83] [84]. 
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Very  recently,  two  new  calculations  have  been  performed  independently 
with  improved  models  of  the  electronic  structure  [85] (86].  The  same  conclusion 
was  reached  in  both"  of  these  studies:  the  electronic  structure  calculated  for 
the  asymmetric  dimer  model  is  in  agreement  with  the  measurements.  This  is 
illustrated  in  Fig.  8  (taken  from  Ref.  [48]),  where  both  the  theoretical  band 
width  of  0.65  eV  and  the  detailed  variation  with  the  planar  wavevector  R  are 
seen  to  be  in  excellent  agreement  with  the  experimental  dispersion  curves.  In 
addition,  there  is  quite  satisfactory  agreement  between  the  theoretical 
surface  band  gaps  and  the  0.6  eV  gap  measured  by  Monch  et  al.  [87]. 

IV.  Surface  core  exciton  states 

The  same  calculations  that  predict  native-defect  surface  deep  levels  for 
the  Schottky  barrier  problem  also  yield  surface  core  exciton  energies,  because 
the  optical  alchemy  or  Z+l  rule  states  that  the  Hjalmarson-Frenkel  core 
exciton  energies  are  the  energies  of  "impurities"  that  are  immediately  to  the 
right  in  the  Periodic  Table  of  the  core-excited  atom  [23] [24].  Thus 
core-excited  Ga  produces  a  "Ge  defect"  and  core-excited  In  yields  "Sn." 

In  Figs.  9  and  10,  the  theoretical  exciton  energies  for  the  (110) 
surfaces  of  the  Ga-V  and  In-V  compounds  are  compared  with  experiment  [88] . 
Notice  that  the  experimental  and  theoretical  exciton  levels  for  InAs  and  InSb 
lie  above  the  conduction  band  edge,  as  resonances  rather  than  as  bound  states. 
In  the  present  theory  this  result  has  a  simple  physical  interpretation:  Like  a 
deep  impurity  state,  the  Hjalmarson-Frenkel  exciton  energy  is  determined 
primarily  by  the  high-density-of-states  regions  of  the  bulk  band  structure. 
There  is  only  a  small  density  of  states  near  the  low-lying  direct  conduction 
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band  minima  (corresponding  Co  the  r-point  of  Che  Brillouin  zone),  buC  a  large 
density  of  staCes  near  Che  higher,  indirect  X  minima.  Thus  the  conduction  band 
minimum  near  T  haskvrelatively  little  influence  on  the  position  of  the  exciton. 

The  surface  Hjalmarson-Frenkel  core  excitons  have  also  been  calculated 
for  the  (110)  surface  of  ZnSe  and  ZnTe  [89]  and  are  in  good  agreement  with  the 
measurements  [90].  We  conclude  that  the  present  theoretical  framework  does  a 
good  job  of  explaining  the  basic  physics  of  the  "deep"  Hjalmarson-Frenkel  core 
excitons,  whether  bound  states  or  resonances. 

V.  Unified  picture 

Thus  one  interlocking  theoretical  framework  successfully  predicts  the 
correct  physics  of  (1)  surface  deep  impurity  levels  and  Schottky  barrier 
heights,  (2)  intrinsic  surface  states,  and  (3)  Hjalmarson-Frenkel  core  exciton 


states 
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FIGURE  CAPTIONS 

Fig.  1.  Schematic  illustration  of  Fermi-level  pinning.  Band  edges  of  the 
bulk  semiconductor,  the  semiconductor  surface,  and  the  Fermi  energy  of  the 
metal,  the  surface  of  the  semiconductor,  and  the  semiconductor  are  all  shown 
as  functions  of  position.  The  lowest  energy  surface  defect  level  that  is  not 
fully  occupied  (before  charge  is  allowed  to  flow)  is  denoted  by  an  open 
circle.  This  level  and  the  Fermi  levels  of  the  n-type  semiconductor  and  the 
metal  align. 

Fig.  2.  Surface  Fermi  energy  of  n-type  InP  versus  heat  of  reaction  of  InP 
with  the  metals  Ni ,  Fe ,  AX ,  Cu,  Ag,  and  Au,  extracted  from  data  of  Ref.  [28], 
assuming  Fermi-level  pinning.  The  theoretical  Fermi-level  pinning  defect 
levels  for  the  surface  P-vacancy  (Vp),  the  native  antisite  defects  (Inp  and 
Pin)’  an<*  t*ie  extrinsic  impurities  S  on  a  P-site  (SD)  and  Sn  on  a  surface  In 
site  (Snxn^  are  8*ven  at  the  right  of  the  figure.  The  n-InP  data  can  be 
interpreted  as  follows:  non-reactive  metals  produce  only  antisite  defects  as 
the  dominant  defects;  reactive  metals  and  treatment  of  the  surface  with  oxygen 
and  Cfc  produce  P-vacancies.  Treatments  with  Sn  and  S  produce  surface  Snpn  and 
Sp  as  dominat  defects,  respectively. 

Fig.  3.  The  totally  symmetric  (aj)  levels  for  a  bulk  Si  vacancy, 
surrounded  by  one  Si  atom  and  three  X  atoms,  as  a  function  of  the  defect 
potential  V,  normalized  to  the  Ni  defect  potential,  after  Ref.  [46],  For  V=Q, 
the  X  atoms  are  Si;  for  ,  the  X  atoms  are  NI.  The  parent  levels  of  the 
isolated  Si  vacancy  are  shown  for  V»*0.  The  experimental  Fermi-level  pinning 
position  for  NiS^  extracted  from  the  data  of  G.  Ottavianai,  K.  N.  Tu,  and  J. 
W.  Mayer,  Phys.  Rev.  B2A ,  3354  (1981)  are  denoted  by  a  dot  with  a  label  MSi  ?. 
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Fig.  4.  One  type  of  interfacial  vacancy  "sheltering"  a  Si  dangling  bond, 
after  Ref.  [46].  The  geometry  is  that  determined  for  the  NiS^/Si ( 1  i  1) 
interface  determined  by  D.  Cherns ,  G.  K.  Anstis,  J.  L.  Hutchison,  and  J.  C.  H. 
Spence,  Phil.  Mag.  A46,  849  (1982). 

Fig.  5.  Predicted  dependence  of  Schottky  barrier  height  on  alloy 
compositions  x  and  y  of  ^ni_xGaxAs  and  Ga^^Al^As  alloys,  compared  with  data, 
after  Ref .  [88] . 

Fig.  6.  Predicted  surface  state  dispersion  curves  E(Ic)  for  surface  bound 
states  (solid  lines)  and  surface  resonances  (dashed  lines)  at  the  relaxed 
(110)  surface  of  GaAs,  after  Ref.  [  1 4 j .  Hie  energy  is  plotted  as  a  function  of 
the  planar  wavevector  K  along  the  symmetry  lines  of  the  surface  Brillouin 
zone,  shown  on  the  right.  The  labelling  is  the  same  as  that  of  Chelikowsky  and 
Cohen  (Ref.  [7]),  with  Aj  Cj  ,  and  C2  mainly  s-like ,  and  A3  A^ ,  A3,  C3,  and 

mainly  p-like.  A3  and  C3  are  the  "dangling-bond"  states.  A3,  A^,  and  A2' 
are  largely  associated  with  in-plane  p-orbitals  in  the  first  and  second 
layers.  The  character  of  each  state  varies  somewhat  with  the  planar  wavevector 
C,  and  represents  an  admixture  of  all  orbitals.  The  widths  of  the  resonances 
are  typically  0.5  to  1.0  eV,  but  in  some  cases  are  smaller  than  0.1  eV  or  as 
large  as  2.0  to  5.0  eV.  The  dots  follow  the  continuous  disperson  curves 
inferred  by  Buijser  et  al.  (Ref.  [66])  for  the  "clear”  and  "weak"  experimental 
features.  The  open  squares  represent  the  states  observed  by  Williams  et  al. 
(Ref.  [65]).  The  data  reported  in  Refs.  [64]  and  [6]  are  consistent  with  those 


shown  here. 
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Fig.  7.'  Predicted  energies  of  surface  bound  states  (solid  lines)  and 
surface  resonances  (dashed)  for  the  (110)  surface  of  ZnSe,  as  function  of  the 
planar  wavevector  ^(k^^),  after  Ref.  [15].  The  surface  Brillouin  zone  is 
shown  on  the  right;  F  is  the  origin,  £=(0,0).  The  bulk  bands  are  shaded.  Ey 
and  E£  are  the  valence  and  conduction  band  edges.  The  experimental  features 
identified  with  bound  and  resonant  surface  states  in  Ref.  [11],  along  the  two 
symmetry  lines  FX'  and  XT,  are  indicated  by  the  dotted  lines. 

Fig.  8.  Dispersion  curves  for  surface  states  and  surface  resonances  at 
the  (100)  (2x1)  surface  of  Si,  after  Kef.  [85].  The  energy  E  is  shown  as  a 
function  of  the  planar  wavevector  £  around  the  symmetry  lines  of  the  surface 
Brillouin  zone.  Solid  lines  represent  results  of  the  present  calculations; 
dashed  lines  are  the  measurements  of  R.  I.  G.  Uhrberg,  G.  V.  Hansson,  J.  M. 
Nicolle,  and  S.  A.  Flodstrom,  Phys.  Rev.  B24 ,  4684  (1981);  and  the  dotted  line 
is  the  measurement  of  F.  J.  Himpsel  and  D.  E.  Eastman,  J.  Vac.  Sci.  Technol. 
16,  1297  (1979),  which  were  taken  from  F  to  J'  along  the  (010)  direction, 
rather  than  along  the  symmetry  line  F  to  J'.  Ey  and  Ec  are  the  Si  valence  and 
conduction  band  edges. 

Fig.  9.  Predicted  and  observed  Ga  3d  core  surface  Frenkel  excitons 
(double  lobes)  for  GaAs,  GaSb,  and  GaP,  after  Ref.  [32J.  The  lower  unoccupied 
surface  states  (Ref.  [13] [14])  are  represented  by  closely  spaced  horizontal 
lines.  Ev  and  Ec  are,  respectively,  the  top  of  the  valence  band  and  the  bottom 
of  the  conduction  band.  The  experimental  results  here  and  in  Fig.  7  are  those 
of  Eastman  and  co-workers  (D.  E.  Eastman  and  J.  L.  Freeouf,  prl  33_,  1601 
(  1974);  34_,  1624  (1975);  W.  Gudat  and  D.  E.  Eastman,  J.  Vac.  Sci.  Technol.  13 , 
831  (1976)  ;  D.  E.  Eastman,  T.-C.  Chiang,  P,  Heimann,  anf  F.  J.  Himpsel,  prl 
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45,  656  (1980).). 

Fig.  10.  Predicted  and  observed  In  4d  core  surface  Frenkel  excitona  for 
InAs ,  InSb,  and  InP ,  after  Ref.  [32J. 
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The  height  of  the  Schottkv  barrier  formed  at  transition-meial/Si  interfaces  varies  over  a  very  small  range  <  -  0.4  eV) 
considering  the  wide  range  of  electronic  structures  possible  from  one  end  of  the  transition-metal  series  to  the  other. 
Furthermore,  the  barriers  are  observed  to  form  within  a  few  monolayeis  of  metal  coverage,  suggesting  that  the  barrier  is  a 
property  of  the  local  bonding  and  that  the  true  metallic  states  play  only  a  minor  role.  A  model  has  been  developed  to  explain 
these  facts  in  terms  of  the  Fermi-level  pinning  mechanism  of  Schottkv  barrier  formation.  The  physics  contained  in  the  model  is 
that  of  a  Si  dangling  bond  sheltered  from  the  transition-metal-silicide  by  an  interfacial  vacancy.  Since  (i)  the  dangling-bond  is 
sheltered  from  the  metallic-silicide  and  (ii)  the  atomic  energy  levels  of  the  transition  metal  are  out  of  resonance  with  Si.  the 
dangling  bond  (which  forms  a  level  in  the  Si  band  gap)  will  be  only  weakly  perturbed  by  the  silicide.  Thus  this  interfacial 
dangling  bond  can  pin  the  Fermi  level  at  nearly  the  same  energy  for  all  the  transition-metal-silicides.  A  tight-binding 
calculation  of  the  electronic  structure  of  this  defect  at  the  NiSL/aidll)  interface  has  been  performed  for  an  infinite  interface 
using  the  transfer-matrix  technique.  The  results  of  this  calculation  are  described  in  terms  of  a  very  simple  molecular  model. 


It  is  a  remarkable  fact  that  the  S.hottky  barrier 
heights  for  the  whole  range  of  Si/ silicide  inter¬ 
faces  varies  over  a  relatively  narrow  range  of  about 
0.55-0.87  eV  in  n-Si  [1],  For  a  Si  bandgap  of  1.1 
eV.  this  places  the  Fermi-level  in  the  lower  part  of 
the  bandgap  between  0.23-0.55  eV  above  the  va¬ 
lence  band  edge.  Here  we  argue  that  such  barriers 
can  be  understood  in  terms  of  Fermi-level  pinning 
[2]  by  a  small  concentration  of  Si  dangling  bonds 
that  are  “sheltered”  from  the  transition  metal  by 
vacancies  at  the  Si/silicide  interface.  This  explana¬ 
tion.  which  differs  substantially  from  previous  the¬ 
ories  of  Si  Schottky  harrier  formation  [1.3,4].  uni¬ 
fies  the  understanding  of  Si/transition-metal 
Schottky  barriers  with  the  generally  accepted 
model  of  Fermi-level  pinning  by  native  defects 


[5.6]  at  (110)  interfaces  between  II f — V  semicon¬ 
ductors  and  metals  [7]  or  other  overiayers.  A  more 
detailed  account  of  our  work  will  be  given 
elsewhere  [8], 

The  following  observations  place  severe  con¬ 
straints  on  any  theory  of  Schottky  barrier  forma¬ 
tion  at  Si/silicide  interfaces:  (1 )  The  harrier  heights 
for  the  silicides  all  lie  within  0.4  eV  of  one  another 
for  all  the  different  transition  metals,  stoichiome¬ 
tries.  and  crystal  structures.  (2)  The  barriers  are 
observed  to  form  at  low  coverages  before  a  com¬ 
plete  metallic  silicide  is  formed,  indicating  that  the 
local  atomic  bonding  at  the  interface,  rather  than 
any  collective  interface  property,  determines  the 
barrier  [1],  (3)  There  are  only  slight  variations  of 
the  barrier  height  for  different  compounds  of  a 


0304-399 1/84/S03.00  D  Elsevier  Science  Publishers  B.Y. 
(Nonh-Holland  Physics  Publishing  Division) 


128 


O.F.  Sankey  et  al.  /  Theory  of  Si  /  transition  -  metal  silicide  Schottky  harriers 


given  transition  metal  [9.10]  indicating  that  the 
transition  metal  itself,  rather  than  stoichiometry, 
crystal  structure,  etc.,  determines  the  barrier.  (4) 
The  barrier  heights  for  n-  and  p-type  Si  very 
nearly  add  up  to  the  Si  bandgap.  This  means  that 
the  pinning  level  must  only  be  partially  occupied, 
so  that  it  may  act  as  both  an  acceptor  and  a  donor. 

We  propose  that  these  observations  can  be  un¬ 
derstood  quite  naturally  in  terms  of  an  interfacial 
vacancy  which  shelters  a  Si  dangling  bond  from 
the  effects  of  the  transition  metal.  This  dangling 
bond  has  only  a  weak  link  with  the  silicide  and  is 
only  slightly  perturbed  by  the  tianstition  metal  s-, 
p-,  and  d-orbitals,  and  hence  is  insensitive  to  the 
large  variations  (on  a  leV  scale)  one  might  expect 
to  occur  when  the  transition  metal  is  varied  or 
when  the  stoichiometry  or  the  crystal  structure  of 
the  silicide  is  changed. 

To  make  these  ideas  specific,  we  consider  a 
particular  example  of  such  a  defect  -  the  example 
illustrated  in  fig.  1  for  the  case  of  the  abrupt 
Si/NiSi, (111)  interface.  If  the  vacancy  in  fig.  1 
were  replaced  by  a  Si  atom,  one  would  have  the 
bonding  configuration  determined  by  Cherns  et  al. 
[11].  For  the  reactive  systems  under  consideration 
here  (transition  metals  “eating”  their  way  into  Si), 
a  reasonable  concentration  of  vacancies  ( ~  1013 
cm-2)  appears  quite  likely. 

Here  we  consider  a  very  simple  model  of  the 
electronic  structure  of  the  defect  shown  in  fig.  1. 
This  model  is  justified  only  by  the  results  of  the 
more  complete  calculation  described  elsewhere  [8], 
but  it  reveals  the  essentia)  physics  of  the  problem. 


1  2  3 

.  N,  f.i  N, 


Fig.  1.  An  example  of  an  inerfacial  vacancy  sheltering  a  Si 
dangling  bond.  Replacing  the  vacancy  by  a  Si  atom  gives  the 
geometry  of  the  NiSi  ,/Si  (HI)  interface  determined  bv  Cherns 

etal.  [11], 


In  this  simplified  model,  only  four  atoms  are  ex¬ 
plicitly  considered  -  those  surrounding  the 
vacancy  -  and  only  one  sp3  hybrid  orbital  per 
atom  -  which  is  directed  toward  the  vacancy.  We 
first  take  all  four  atoms  to  be  Si  (tetrahedral 
symmetry)  and  later  change  three  of  these  atoms 
into  Ni  (C3v  symmetry)  to  simulate  the  Si/NiSi, 
interface. 

Taking  all  four  atoms  to  be  Si.  we  construct  the 
A,  and  T,  states  of  the  bulk  Si  vacancy: 

lA i (a i ))  "  Hl^o)  +  I4>i)  +  I4>a)  +  I > ) -  (la) 
ITa (a,  )>  -  (l/v/12  )(3|*o>  -  |*,>  -  |<#>2>  -  |*3». 

(lb) 

|T2(e).l>  =  (l/v^)(|<#.1)-|d.3»,  (lc) 

|T2(e).2>  =  (l/v/6  )([<#>,)  +  |d>3 >  ~  2|*J».  (Id) 

where  the  orbital  |<#>,)  is  the  hybrid  orbital  of  atom 

The  energies  of  the  A,  and  T2  levels  can  be 
described  by  two  parameters  eA  and  r;  here  we 
have  e*  =  is  the  orbital  energy  of  an  sp3 

hybrid,  and  —  /  =  (4>,-|//|<fy)  for  /#/'  represents 
the  interaction  between  two  different  hybrid 
orbitals.  These  two  parameters  represent  effective 
interactions  and  are  obtained  by  fitting  to  the  bulk 
Si  vacancy  deep  levels.  The  A,  level  is  resonant 
with  the  valence  band  at  EAi  =  th-  3t.  while  the 
triply  degenerate  T,  level  lies  in  the  Si  bandgap 
and  has  an  energy  £T,  =  ch  +  /.  We  list  in  table  1 


Table  1 

The  calculated  A,-  and  T.-symmetric  energy  levels  for  the 
unrelaved  Si  vacancy  by  several  workers;  ihc  calculations  are 
either  pseudopotential  (P)  or  tight-binding  (TB):  all  energies 
are  in  eV,  and  the  top  of  the  valence  band  is  defined  to  be  the 
zero  of  energy;  the  Si  bandgap  is  1.1  cV;  the  two  parameters  ih 
and  /  are  simply  obtained  from  the  A,  and  T;  energy  levels  (see 
text);  the  important  parameter  th  is  the  energy  of  a  single 
dangling  bond  and  is  found  to  lie  in  the  lower  part  of  the  Si 
bandgap  in  al!  cases 


Tvpc  of  calculation 

A, 

T, 

t 

P 

TB 

level 

level 

Ref.  (12) 

-1.10 

0.70 

0.45 

0.25 

Ref.  [13] 

-0.60 

0.80 

0.35 

0.45 

Ref.  [Id] 

-1.10 

0.60 

0.42 

0.16 

Ref.  [15] 

-0.55 

0.75 

0.33 

0.43 

Ref.  (16] 

~0.% 

0.51 

0.37 

0.14 
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the  A,  and  T,  levels  for  three  different  pseudo¬ 
potential  calculations  [12-14]  and  two  tight-bind¬ 
ing  [15.16]  calculations  for  the  unrelated  vacancy 
in  Si.  From  these  levels  the  parameters  and  t 
can  he  extracted  using  th  =  ( £A,  +  '£rJ/4  and 
/  =  ( £T,  —  £A]  )/4.  Note  that  eh,  which  is  the  en- 
,  ergy  of  a  single  Si  dangling  bond,  lies  in  the  lower 
part  of  the  Si  bandgap  in  all  cases. 

We  next  change  three  of  the  atoms  surrounding 
the  vacancy  into  Ni  atoms.  We  do  this  by  raising 
the  hybrid  orbital  energies  of  atoms  1,  2,  and  3 
(see  fig.  1 )  from  e*  to  th  +  V,  where  V  *  5  eV  [8] 
represents  the  (large)  positive  difference  between  a 
Ni  and  a  Si  sp?  hybrid  orbital.  The  symmetry  is 
now  reduced  from  Td  to  Clv,  and  the  possible 
levels  are  of  a,  (b-like)  and  e  (ir-like)  symmetry. 
The  states  of  e-symmetry  evolve  from  two  of  the 
T,  levels  of  the  bulk  Si  vacancy  (the  T,(e)  levels  in 
eqs.  (lc)  and  (Id)),  but  are  raised  out  of  the  gap 
roughly  linearly  with  the  potential  V  to  become 
resonant  with  the  conduction  bands.  Since  the 
e-symmetric  levels  are  not  in  the  gap  and  are 
metal-atom  derived,  they  play  no  role  in  pinning 
the  interfacial  Fermi  level,  and  we  will  no  longer 
consider  them. 

The  interesting  levels  are  those  of  a  ,-symmetry 
which  are  admixtures  of  the  |A,(a,))  (eq.  (la))  and 
the  [T;(a,)>  (eq.  (lb))  levels  of  the  bulk  Si  vacancy. 
However,  since  the  Si  and  Ni  hybrid  orbitals  are 
no  longer  degenerate,  perturbation  theory  shows 
that  the  effective  interaction  between  Si  and  Ni 
hybrid  orbitals  is  reduced  from  t  ( —  0.4  eV)  for  the 
bulk  Si  vacancy  to  r/V  (-0.03  eV)  for  the  in¬ 
terfacial  vacancy.  A  schematic  energy  level  dia¬ 
gram  for  a, -symmetric  states  of  the  bulk  and 
interfacial  vacancies  is  shown  in  fig.  2.  Note  that 
because  Ni  (or  any  transition-metal  element)  and 
Si  are  "out  of  resonance”,  a  level  is  formed  in  the 
lower  part  of  the  Si  bandgap  which  is  tied  to  the  Si 
dangling  bond  energy  e„  and  is  relatively  insensi¬ 
tive  to  the  transition  metal  as  long  as  we  have 
V  :s>  /.  This  simple  model  leads  to  the  important 
conclusion  that  for  various  transition  metals,  in¬ 
terfacial  Fermi-level  pinning  positions  are  nearly 
equal  to,  but  slightly  below,  the  "defect  pinning 
energy"  of  a  single  Si  dangling  bond. 

We  briefly  mention  the  more  rigorous  calcula¬ 
tions  on  which  the  simple  model  is  based.  A 


Bulk  Si  Vacancy  Interfacial  Vacancy 

Fig.  2.  Schematic  energy  level  diagram  of  the  a, -symmetric 
levels  of  (a)  the  bulk  Si  vacancy  and  (b)  the  interfacial  vacancy. 
In  (a)  the  hybrid  orbitals  at  <h  lie  in  the  lower  part  of  the  Si 
bandgap  but  interact  strongly  through  /  to  produce  the  A,  level 
resonant  with  the  valence  band  and  a  T.  level  in  the  upper  part 
of  the  bandgap.  In  t  ~i  the  hybrid  orbitals  of  Si  and  Ni  are  no 
longer  degenerate  and  their  interaction  is  reduced  by  t/V.  This 
brings  £Al  out  of  the  valence  band  so  that  it  now  lies  only 
slightly  below  the  Si  dangling  bond  energy  <h.  (The  asymmet¬ 
ric  representation  refers  to  the  C3v  group  appropriate  for  the 
interfacial  vacancy.  Since  C,y  is  a  subgroup  of  Td,  the  A,  and 
one  of  the  T2  levels  of  the  bulk  St  vacancy  are  also  asymmet¬ 
ric.) 


tight-binding  calculation  was  performed  for  an 
embedded  cluster  of  a  vacancy  and  three  Ni  atoms 
(including  d-orbitals  on  Ni)  in  an  infinite  Si  host 
[8]  using  the  Si  tight-binding  model  of  ref.  [15]. 
The  Si  dangling-bond-like  level  is  found  at  0.4  eV. 
The  d-orbitals  are  found  to  play  only  a  minor  role. 
Since  the  J-orbital  energies  lie  well  below  the 
Fermi  level,  they  tend  to  push  up  slightly  on  the  Si 
dangling  bond,  but  with  a  greatly  reduced  strength 
because  the  d-orbital  is  not  a  nearest  neighbor  to 
the  dangling  bond  orbital  and  hence  interacts  with 
it  either  through  a  small  second-neighbor  interac¬ 
tion  or  indirectly  via  its  interactions  with  the  inter¬ 
vening  Si  atoms  surrounding  the  vacancy.  (The 
d-orbitals  were  taken  to  interact  only  with  nearest 
neighbors.)  More  sophisticated  calculations  for  an 
interface  between  semi-infir.ite  slabs  of  NiSi,  and 
Si  have  recently  been  completed  [17]  using  the 
transfer-matrix  technique  [18].  The  tight-binding 
bands  of  NiSi,  have  been  fit  to  the  bulk  bands  of 
Chabal  et  al.  [19],  and  the  tight-binding  model  of 
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Vogl  et  al.  [20}  has  been  used  for  bulk  Si.  Here  the 
imerfacial  vacancy  level  is  found  to  lie  at  0.13  eV. 
Although  the  two  calculations  give  slightly  differ¬ 
ent  results,  and  the  estimates  made  for  the  dan¬ 
gling  bond  energy  in  table  1  differ  by  —  0.3  eV, 
they  all  show  that  the  defect  “pinning"  level  lies  in 
the  lower  part  of  the  Si  bandgap.  Measurements 
for  a  Si  dangling  bond  quite  similar  to  the  one 
described  here  [21]  at  the  SiOi/Si  interface  show  a 
level  at  0.36  eV  [22],  As  mentioned  earlier,  the 
interfacial  Fermi-  level  for  the  silicides  lie  ap¬ 
proximately  in  the  range  0.23-0.55  eV. 

Conclusion.  The  present  theory  is  manifestly 
based  on  local  atomic  bonding  and  a  localized 
defect,  and  is  thus  compatible  with  the  experimen¬ 
tal  findings  [1.9,10]  that  the  observed  Schottky 
barriers  form  before  the  completion  of  a  complete 
metallic  overlayer.  Since  in  this  model  the  barriers 
are  determined  mainly  by  Si,  the  barrier  is  affected 
to  a  lesser  degree  by  the  nature  of  the  transition 
metal  atom,  stoichiometry,  or  crystal  structure  of 
the  silicide.  Furthermore,  since  the  dangling  bond 
is  occupied  by  a  single  electron,  it  can  act  either  as 
a  donor  or  an  acceptor  -  this  leads  to  very  nearly 
the  same  pinning  position  for  both  n-  and  p-Si,  in 
agreement  %vith  the  measurements.  This  is  to  be 
contrasted  with  Schottky  barrier  formation  on 
III-V  semiconductors,  such  as  GaAs,  where  previ¬ 
ous  theoretical  studies  indicate  that  pinning  is 
often  due  to  surface  antisite  defect  levels  [6]  which 
lead  to  different  Fermi-level  pinning  positions  for 
n-  and  p-type  semiconductors. 
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The  heights  of  the  Schottky  barriers  for  various  transition  metals  on  Si,  Ge,  diamond,  and 

Si,  Ge,  _  ,  alloys  are  calculated  using  a  defect  model,  in  which  the  Fermi  energy  is  pinned  by  deep 

levels  associated  with  interfacial  dangling  bonds. 

PACS  numbers:  73.30.  +  y,  73.2C.Hb,  73.40.Ns 

I.  INTRODUCTION 

When  a  transition  metal  is  deposited  on  a  Si  surface)  it  reacts 
with  the  Si,  producing  a  thin  metallic  film  of  transition-metal 
silicide.1-2  At  the  same  time  a  Schottky  barrier  is  formed, 
which  makes  the  metal/semiconductor  contact  non-Oh- 
mic.3  A  remarkable  fact  is  that  the  barrier  heights  for  various 
different  transition  metals  (forming  silicides  with  a  wide  var¬ 
iety  of  crystal  structures  and  stoichiometries)  are  all  equal  to 
within  c=0.4  eV,4-5  although  the  transition  metals  them¬ 
selves  have  d  levels  and  other  features  of  their  electronic 
structures  that  vary  by  electron  volts.  For  example,  Ni,  Pd, 
and  Pt,  when  deposited  on  n-type  Si  produce  Schottky  t  tr- 
rier  heights  differing  by  ~0,2  eV  (~0.63,  0.73,  and  0.85  eV 
are  the  barrier  heights  of  Ni,  Pd,  and  Pt,  respectively)  despite 
the  fact  that  the  s-,  p-,  and  ^-electron  energies  of  Ni  and  Pt 
differ  by  ~2,  3,  and  3  eV.6  This  suggests  that  the  Schottky 
barrier  height  is  primarily  a  property  of  the  Si,  and  is  only 
weakly  perturbed  by  the  transition  metal  or  the  transition- 
metal  silicide. 

We  have  recently  proposed  that  the  principal  experimen¬ 
tal  facts  concerning  Si/transition-metal-silicide  Schottk' 
barriers  can  be  simpi*  understood  in  terms  of  Fermi-level 
pinning  by  interfacial  Si  dangling  bonds.7  Simply  stated,  the 
Si  dangling  bond  at  the  Si/silicide  interface  produces  a  deep 
level  iu  the  fundamental  band  gap  of  Si.  This  one-electron 
level,  for  a  neutral  interface,  is  occupied  by  one  electron  and 
one  hole.  It  therefore  determines  or  "pins”  the  Fermi  energy 
at  the  surface,  being  able  to  accept  an  additional  electron  or 
hole  According  to  the  Ba  deen  model  of  Fermi-level  pin¬ 
ning  by  any  surface  state/  the  surface  Fermi  level  of  the 
semiconductor,  the  metal's  Fermi  level,  and  the  bulk  semi¬ 
conductor’s  Fermi  level  all  align  in  electronic  equilibrium. 

This  is  accomplished  by  electronic  diffusion,  which  pro¬ 
duces  band  benu  ig  in  the  semiconductor.  When  the  align¬ 
ment  is  accomplished  (Fig.  1),  there  is  a  Schottky  barrier, 
which  for  n-type  Si  has  a  height  approxima.ely  equal  to  the 
difference  between  the  r  urface  conduction  band  edge  and  th: 
surface  dangling-bond  deep  level.  Forp-Si,  th.  barrier  height 

491  J.  Vac.  ScI.  Techno!.  B  2  (3),  July-Sept.  1 964  e72'-211X/84/0304S1-05$01.00  ©  1984  American  V'scuum  Society  491 


is  the  energy  difference  between  the  dangling-bond  level  and 
the  valence  band  maximum.  Thus,  with  this  defect  and  the 
Fermi-level  pinning  model,  the  Schottky  barrier  heights  for 
n-Si  and p-Si  should  (approximately)  add  up  to  the  band  gap. 

This  particular  explanation  of  the  barrier  heights  at  Si/ 
transition-metal-silicide  interfaces  is  especially  appealing 
because  it  involves  Fermi-level  pinning  by  a  native  defect, 
and  therefore  makes  contact  with  the  current  understanding 
of  Schottky  barrier  heights  in  III-V  semicon  ductors.  Several 
authors,9"13  Spicer  in  particular,9  have  espoused  the  notion 
that  Fermi-level  pinning  by  native  defects  determines  III-V 
barrier  heights — and  a  unified  picture  of  the  pinning  by  anti¬ 
site  defects  in  many  cases  and  by  vacancies  (or  other  defects) 
in  other  cases  is  now  emerging. 14  15 

In  this  paper  we  extend  the  idea  of  Fermi-level  pinning  by 
dangling  bonds  at  Si/transit ion-.netal-silicide  interfaces  to 
interfaces  of  transition  metal  compound*'  with  Ge,  diamond, 


rs  /"’t 


EUulk 

V 


Si  Interface 

Fig.  1.  Schematic  illustration  of  Fermi-level  pinning  at  a  Si/silicide  inter¬ 
face.  Band  edges  for  bulk  Si  and  the  Si  surface,  and  the  Fermi  energies  of  the 
metal,  the  Si  surface,  and  bulk  Si.  arc  all  shown  as  functions  of  po*  ...  The 
lowest  energy  surface  defect  level  that  is  not  fully  occupr  d  (before  charge  is 
allowed  to  flow)  is  denoted  by  an  open  circle.  This  ic-el  app; ultimately 
aligns  with  the  Fermi  levels  of  the  n-type  Si  and  the  metal. 
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and  Six  Ge,.x  alloys.  The  model  has  the  same  features  that 
led  to  its  success  for  Si/silicide  interfaces7:  (i)  The  pinning 
defect  is  a  dangling  bond  whose  character  is  determined  pri¬ 
marily  by  the  semiconductor,  this  leads  to  Schottky  barrier 
heights  that  are  only  weakly  dependent  on  the  transition 
metal,  (ii)  The  formation  of  Schottky  barriers  with  low  cover¬ 
ages  of  transition  metals  is  explained  by  the  fact  that  the 
Fermi-level  pinning  is  due  to  a  local  native  defect — no  ap¬ 
peal  to  metallic  bulk  or  interface  states  is  necessary,  (iii)  The 
observ  ed  chemical  trends16  in  the  barrier  heights  <fiB  n  for  n- 
type  semiconductors  interfaced  with  different  transition 
metals  are  explained  in  terms  of  the  weak  perturbation  of  the 
dangling-bond  level,  (iv)  The  n-  and  p-type  barrier  heights 
add  up  to  nearly  the  band  gap  of  the  semiconductor: 

4  B,n  4  B.p  ”-^gap  ' 

II.  THE  MODEL 

We  illustrate  these  ideas  by  considering  a  specific  model  of 
a  semiconductor/transition-metal-compound  interface. 
There  are  many  different  geometries  observed  for  such  inter¬ 
faces;  but  here  we  consider  a  specific  geometry,  calculate  the 
dangling-bond  deep  level,  and  argue  that  the  level  position  is 
insensitive  to  changes  in  the  interface  geometry.  For  defi¬ 
niteness  we  consider  Ni  as  the  transition  metal  and  Ge  as  the 
semiconductor,  with  a  Ge/Ni-germanide  interface.  We  are 
unaware  of  any  detailed  experimental  work  concerning  the 
atomic  geometry  at  such  an  interface,  and  so  have  used  an 
interface  structure  (Fig.  2)  identical  to  that  reported  for  Si/ 
NiSi2(  1 1 1 )  by  Chems  et  al. 17  We  have  a  Ge  “bridge  atom”  in 
the  nickel-germanide  connecting  the  semiconductor  to  this 
metallic  germanide.  It  is  bonded  to  three  Ni  atoms  in  the 
germanide,  and  one  Ge  atom  at  the  surface  of  the  semicon¬ 
ductor.  The  pinning  defect  is  the  dangling  Ge  bond  that  re¬ 
sults  when  the  Ge  bridge  atom  is  removed. 

It  is  not  necessary  to  fully  include  the  nickel-germanide 
metallic  side  of  the  interface:  Since  the  Schottky  barrier  <f>B 
in  Si,  and  presumably  also  in  Ge,  occurs  at  low  coverages, 
only  the  local  structure  of  the  defect  is  essential.  Hence  we 
can  consider,  instead  of  the  dangling  bond  at  the  Ge/ger- 
manide  interface,  a  localized  defect  in  bulk  Ge  of  a  vacancy 
surrounded  by  one  Ge  and  three  Ni  atoms.  This  is,  out  to 


1  2  3 


Fig.  2.  An  example  of  a  Ge  dangling  bond  at  a  germanide  interface.  Atoms 
1,  2,  and  3  are  transition-metal  atoms,  atomOisGe,  and  Pisan  interfacial 
Ge  vacancy.  When  the  vacancy  is  replaced  by  Ge,  th.  geometry  for  the  Ge/ 
Ni-gemiamde  interface  is  the  same  as  that  reported  for  Si/NiSi.  (1 11)  (Ref. 
171. 


second  neighbors,  identical  to  the  dangling-bond  defect  at 
the  true  interface. 

Now  we  imagine  a  “cycle”  in  which  we  (i)  begin  with  a 
vacancy  in  bulk  Ge,  (ii)  convert  three  of  the  vacancy’s  nearest 
Ge  neighbors  into  Ni,  and  (iii)  finally  alter  the  more  distant 
neighbors  on  the  germanide  side  to  form  semi-infinite  ger¬ 
manide.  As  we  have  argued  above,  this  last  step  is  not  essen¬ 
tial,  because  it  has  very  little  effect  on  the  dangling-bond 
deep  level,  and  so  we  do  not  take  this  last  step  in  the  present 
work. 

A.  The  Isolated  vacancy  in  Ge 

We  begin  by  considering  the  isolated  vacancy  in  bulk  Ge, 
and  describing  its  deep  levels  using  one  ip3  hybrid  orbital 
(directed  toward  the  vacancy)  on  each  of  its  neighbors.  La¬ 
beling  the  four  neighbors  0,  1,2,  and  3,  and  denoting  the  spi 
hybrid18  centered  on  the  /th  neighbor  and  directed  toward 
the  vacancy  by  |/) ,  we  construct  the  A ,  symmetric  (s-like) 
and  T2  symmetric  (p-like)  states  of  the  vacancy: 

M,>  =(I/2)(|0)  +  |1>  +  |2>  +  |3», 

|7V/>  =  (12)-,/2(3|0>  -  |1>  -  12)  -  |3», 

|r2,l,l,>  =2-|/2(|l)  -  |3», 

and 

|r2,l,2)=6-,/2(|l>  +  |3>— 2|2». 

Denoting  the  Hamiltonian  matrix  elements  between  the  four 
hybrid  orbitals  surrounding  the  vacancy  in  the  perfect  Ge 
host,  e  =  < i\H  |/>  for  any  /  and  /  =  —  (i\H  \ j)  with  j^i,  we 
find  that  the  vacancy  energies  are 

E(A,)  =  e-3t, 

E{T2)  =  e  +  t. 

Thus,  the  two  parameters  e  and  t  can  be  determined  uniquely 
from  the  previously  calculated  A ,  and  T2  bulk  vacancy  lev¬ 
els,  Virtually  all  calculations19-24  agree  that  the  bulk  va¬ 
cancy  level  E(A ,)  is  deep  in  the  valence  band  and  £  |T2)  lies  in 
the  fundamental  band  gap  for  all  homopolar  group  IV  semi¬ 
conductors. 

B.  Effects  of  converting  three  Ge  atoms  to  Ni 

Now  we  convert  three  of  the  Ge  atoms  (numbers  1,  2,  and 
3)  surrounding  the  vacancy  into  Ni  atoms,  in  two  steps:  (i)  we 
increase  the  sp3  hybrid  energy  £  to  e  +  Lon  site  > 1 , 2,  and  3, 
where  we  have  L~5  eV,25  and  (ii)  we  introduce  d  levels, 
which  are  energetically  deep  in  the  valence  band,  only  weak¬ 
ly  coupled  to  the  dangling  bond  at  site  0  (either  directly, 
through  a  second-neighbor  interaction,  or  indirectly, 
through  a  ring  of  five  nearest-neighbor  interactions),  and  al¬ 
most  irrelevant  [as  we  shall  see)  to  the  determination  of  the 
dangling-bond  energy. 

When  V becomes  nonzero,  the  symmetry  of  the  defect  is 
reduced  from  Td  to  CJe,  The  |7,)  and  iT*/  7)  states  of  the 
isolated  vacancy  are  fl,-symmetric  (er-like)  states  of  C3„, 
whereas  the  two  |T2,J.)  states  are  e-symmetric  (ir-like)  states. 
As  L increases  from  zero  to  ~5  eV,  the  ir-bonded  e-symmet¬ 
ric  states  are  pushed  through  the  gap  into  the  conduction 
band — and  become  essentially  irrelevant  to  the  Schottky 
barrier  formation.  The  two  a ,  o-bonded  states  of  the  isolated 


J.  Vac.  Sci.  Techno).  B,  Vol.  2.  No.  3,  July  Sept.  1984 


493 


Sanksy,  Allen,  and  Dow:  Theory  of  Schottky  barrier  formation 


493 


vacancy,  \A{)  and  |  T2,//)  are  mixed  by  V,  and  are  the  inter¬ 
esting  ones  for  the  Schottky  barrier  problem. 

Thus,  the  essential  physics  is  reduced  to  a  two-level  prob¬ 
lem,  involving  the  effects  of  Von  thea,-symmetric  | A,)  and 
T2,//>  Ge  vacancy  levels.  The  atoms  1,  2,  and  3  for  F  =  0 
are  Ge,  and  their  interaction  is  t  (.-^0  4eV).  But  for  F~5  eV, 
the  atoms  1,  2,  and  3  are  Ni,  with  hybrid  energies  out  of 
resonance  with  the  Ge,  and  their  effective  interaction  with 
the  Ge  hybrid  (in  perturbation  theory)  is  weak,  t 2/ K~0.03 
eV. 

A  schematic  energy  level  d'agram  is  shown  in  Fig.  3,  for 
various  values  of  V.  As  the  1, 2,  and  3  atoms  are  converted 
from  semiconductor  atoms  into  Ni  (i.e.,  as  ^increases  from  0 
to  ~5  eV,  a  value  between  5 1  and  20/,  see  Table  I),  the  T2 
vacancy  level  moves  into  the  conduction  band  (and  becomes 
irrelevant).  But  the  A,  vacancy  level,  which  lies  deep  in  the 
valence  band,  and  hence  has  often  been  ignored,  is  driven  up 
in  energy  by  the  electropositivin  of  the  transition  metal,  un¬ 
til  it  must  bend  over  below  the  bulk  T2  level  (by  an  approxi¬ 
mate  level-crossing  theorem),  saturating  for  V— >oo  at  the 
hybrid  energy  e.  Hence,  further  increasing  V  from  ~5eV  for 
Ni  by  an  amount  of  order  electron  volts  does  not  greatly  alter 
the  energy  of  the  dangling-bond  level.  The  dar.gling-bond 
level  is  “deep-level  pinned”  in  the  sense  of  Hjalmarson  et 
a/.19;  it  is  semiconductorlike;  and  it  is  a  deep  level  in  the 
fundamental  band  gap  capable  of  Fermi-level  pinning. 

If  now  we  “turn  on”  the //-states,  they  press  the  dangling- 
bond  level  upward  only  slightly  in  energy.  Estimates  of  this 
effect  using  Harrison’s  scaling  rules25  show  that  it  is  small 
and  that  the  vacancy  quite  effectively  shelters  the  Si  dangling 
bond  from  the  //-orbitals  of  the  transition  metal,  even  when 
the  d  orbitals  are  nearly  resonant  with  the  dangling  bond. 
The  d  levels  do  play  a  minor  role  in  determining  the  occu¬ 
pancy  of  the  neutral  dangling  bond7:  It  has  one  electron  and 
one  hole — and  hence,  is  the  Fermi-level  pinning  defect  of 
both  n-type  and  p-type  semiconductors. 

III.  RESULTS 

We  have  used  this  simple  model  to  predict  the  surface 
dangling-bond  deep  levels  of  Si,  Ge,  diamond,  and  Si*  Ge,.* 
interfaced  with  their  transition  metal  compounds.  (We  have 
also  confirmed  that  the  essential  physics  of  the  model  is  cor¬ 
rect  by  performing  extensive  and  rigorous  calculations  for  a 
cluster  of  a  vacancy  and  three  Ni  atoms  in  Si,  and  by  explicit¬ 
ly  treating  an  interface  between  semi-infinite  slabs  of  NiSi2 
and  Si.26)  We  first  determine  e  and  /by  fitting  calculated  bulk 
vacancy  levels.  Our  results  are  presented  in  Table  I.  The 
matrix  elements  V  are  extracted  from  tables  of  atomic  orbital 
energies.25  The  deep  levels  associated  with  the  dangling 
bonds  at  various  interfaces  are  then  computed  in  terms  of  e, 
t,  and  V. 

Slight  variations  in  V  for  different  transition  metals  pro¬ 
duce  weak  variations  in  <f>B,  as  expected  [see  Fig.  3(b)].  The 
chemical  trends  with  respect  to  such  variations1,2'16  are  ex¬ 
plained  by  the  theory. 

Although  the  predictions  of  the  theory  for  Schottky  bar¬ 
rier  heights  are  gratifyingly  close  to  the  measured  barrier 
heights,  the  theory  in  its  original  form  is  limited  by  the  ~0.3 
eV  uncertainty  in  even  the  best  theoretical  predictions  of  the 


Table  I.  The  calculated  A and  /".-symmetric  energy  levels  for  the  unre¬ 
laxed  Si,  Ge.  and  C  vacancies  from  tight-binding  theory.  The  dangling-bond 
energy  e  and  dangling-bond  interaction  /  are  extracted  from  the  A,- and  7V 
symmetric  levels.  All  energies  are  in  eV,  and  the  top  of  the  valence  band  is 
defined  to  be  the  zero  of  energy.  Other  values  of  e  for  Si,  determined  from 
reported  calculations  of  the  Si  vacancy,  range  from  0.09  to  0.45  eV. 


E[A, ) 

E(T2) 

£ 

Si* 

-  1.10 

0.48 

0.40 

0.09 

Ge* 

-0.98 

0.04 

0.26 

-0.22 

C* 

-0.65 

2.43 

0.77 

1.66 

*  Reference  24. 
"Reference  19. 


bulk  vacancy  levels.  To  circumvent  this  problem  we  adjust  e 
to  fit  the  interfacial  Fermi  level  and  Schottky  barrier  heights 
for  the  Si/NiSi2( 111)  interface,  and  then  use  the  predicted 
changes  in  e  from  Si  to  Ge  to  predict  the  variation  in  the 
interfacial  Si*  Ge,.*/nickel-silicide-germanide  dangling- 
bond  level  with  alloy  composition  x.  The  results  are  given  in 
Fig.  4,  and  rather  dramatically  account  for  the  observed 
chemical  trend  in  the  Schottky  barrier  height,27  assuming 
pinning  by  the  dangling-bond  deep  level. 

The  theory  also  predicts  a  dangling-bond  deep  level  and  a 
Schottky  barrier  height  as  a  result  of  transition-metal  depo¬ 
sition?  on  diamond.  We  are  not  aware  of  any  data  for  this 
system,  but  we  note  that  diamond/Al,  /Au,  and  /Ba  inter¬ 
faces  have  been  studied  experimentally,28,29  and  should  also 
be  expected  to  have  dangling-bond  states.  The  Schottky  bar¬ 
rier  height  obtained,  assuming  Fermi-level  pinning  by  dia¬ 
mond  dangling  bonds,  is  in  excellent  agreement  with  the 
data  (Fig.  5). 


IV.  SUMMARY 


It  should  be  emphasized  that  we  have  presented  a  simple 
model  which  is  meant  to  display  the  essential  physics  of  Fer¬ 
mi-level  pinning  by  interfacial  Si  dangling  bonds.  The  defect 
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duction  and  valence  band  edges,  (b)  The  o,-symmetric  levels  for  an  interfa¬ 
cial  vacancy  surrounded  by  one  semiconductor  atom  with  orbital  energy  e 
and  3  transition-metal  atoms  with  hybrid  energy  e  +  V.  The  levels  for  val¬ 
ues  of  V equal  to  /,  3r,  5t,  10 1,  and  eo  are  shown.  Note  that  for  F>  >  I,  the 
band-gap  level  becomes  "pinned”  to  the  semiconductor  dangling-bond  en¬ 
ergy  e.  Double  arrows  indicate  that  thee  +  V  level  in  the  conduction  band  is 
off  the  figure. 
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Fig.  4.  Predicted  Fermi  level  in  the  Fermi-level  pinning  model  due  to  dan¬ 
gling-bond  defects  in  Si,  Ge,.,  alloys.  Because  of  the  theoretical  uncertain¬ 
ties  in  determining  the  dangling-bond  energy,  the  theory  has  been  fit  to  the 
data  for  Si.  The  data  for  Si  are  from,  e.g.,  Ref.  4,  and  the  data  for  Ge  are  from 
Ref.  27. 

levels  that  we  predict  may  be  inaccurate  by  a  few  tenths  of 
eV,  and  are  undoubtedly  inhomogeneously  broadened  on  a 
~0. 1  eV  scale,  due  to  varying  local  environments.30 

The  model  is  based  on  the  idea  of  Fermi-level  pinning  by 
defect  levels,  and  therefore  provides  a  unified  explanation  of 
Schottky  barrier  heights  for  Group-IV  as  well  as  III-V  semi¬ 
conductors.  No  theory  of  Schottky  barrier  formation  is  uni¬ 
versally  accepted  yet,  but  the  defect  model  is  by  far  the  most 

Diamond 


widely  accepted,  and  the  only  general  theory  for  the  techno¬ 
logically  important  semiconductors  that  has  not  been  mani¬ 
festly  disproven  by  numerous  experiments.  This  is  not  to  say 
that  defect  mechanisms  are  the  only  means  of  Schottky  bar¬ 
rier  formation;31,33  in  some  cases  metal/semiconductor  in¬ 
terfaces  might  be  produced  without  very  many  defects,  in 
which  case  metal-induced  gap  states33  might  play  a  role  in 
determining  the  Schottky  barriers.  However,  for  years  met¬ 
al-induced  gap-state  theories  have  been  widely  viewed  as  in¬ 
capable  of  providing  a  satisfactory  general  description  of  the 
common  III-V  barrier  heights,  because  they  can  consistent¬ 
ly  explain  at  most  very  few  experiments.  For  example,  data 
demonstrating  that  (i)  the  n-GaAs  Schottky  barrier  can  be 
annealed  away  at  the  antisite  defect  annealing  temperature 
while  the  />-GaAs  barrier  remains,34  and  that  (ii)  the  n-InP 
barrier  height  switches  from  being  ~0. 1  eV  for  reactive  met¬ 
als  to  ~0.5  eV  for  nonreactive  metals35  are  easily  explained 
by  a  defect  model  but  not  by  a  metal-induced  gap-state  mod¬ 
el. 

The  simple  theory  presented  here  accounts  well  for  the 
major  observations  concerning  Schottky  barriers  resulting 
from  transition-metal  deposition  on  group-IV  semiconduc¬ 
tors:  (i)  Schottky  barriers  form  at  submonolayer  coverages 
because  the  Fermi-level  pinning  defect  is  localized;  (ii) 
Schottky  barrier  heights  exhibit  only  weak  dependences  on 
the  transition  metals,  because  the  dangling-bond  level  is 
deep-level  pinned;  (iii)  details  of  the  crystal  structure,  stoi¬ 
chiometry,  and  interface  geometry  are  minor  perturbations 
on  the  surface  dangling-bond  deep  level,  because  the  pri¬ 
mary  role  of  the  silicide  or  germanide  is  merely  to  supply  a 
repulsive  potential  that  pushes  the  deep  dangling-bond  level 
back  into  the  semiconductor;  (iv)  the  Schottky  barrier 
heights  for  n-type  and  p-type  grouj>-I  V  semiconductors  add 
up  to  ~  Eg<p  because  the  dangling  bond  level  is  both  a  donor 
and  an  acceptor;  (v)  the  variations  of  Schottky  barrier 
heights  depend  on  the  chemistry  of  the  semiconductor,  as 
displayed  in  the  dependence  on  x  of  the  Zix  Ge,.A  barrier 
height. 
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The  observed  dependences  on  pressure  of  the  energy  gaps  of  Si,  Ge,  and  GaAs  at  symmetry  points 
in  the  Brillouin  zone  are  successfully  calculated  using  a  variational  method  based  on  density- 
functional  theory.  The  negative  pressure  derivatives  of  the  gaps  at  the  X  point  of  the  conduction 
band  relative  to  the  valence-band  maxima  are  due  to  the  d  states. 


I.  INTRODUCTION 

In  this  paper  we  report  successful  a  priori  calculations 
of  the  pressure  dependences  of  the  band  gaps  of  Si,  Ge, 
and  GaAs.  The  only  inputs  to  our  calculations  are  the 
crystal  structures  of  the  materials  and  the  local  pseudopo¬ 
tentials  of  the  atomic  constituents.  The  theory  is  based  on 
a  variational  minimization  of  the  total  energy  using  a 
Wannier-function  basis  and  a  density-functional  formal¬ 
ism  applied  self-consistently  to  the  valence  electrons.1,2 
Our  calculated  pressure  dependences  of  the  band  gaps  are 
in  good  agreement  with  data;  this  suggests  that  local- 
density  theory  accurately  predicts  the  changes  with  pres¬ 
sure  of  the  band  gaps  despite  the  fact  that  in  its  present 
form  it  yields  poor  predictions  for  the  zero-pressure  band 
gaps  themselves. 

Previous  theoretical  studies  of  pressure-dependent  band 
gaps  have  employed  the  self-consistent  orthogonalized- 
plane-wave  (OPW)  method,'1  various  semiempirical 
schemes  (such  as  those  that  fit  the  pressure  dependences 
of  pseudopotential  form  factors4,5  or  empirical  tight- 
binding  parameters4  to  data),  or  a  modified  version  of  Van 
Vechten’s  dielectric  theory.6  To  our  knowledge,  no  suc¬ 
cessful  a  priori  theory  has  been  reported  previously. 

II.  METHOD 

Following  the  fundamental  work  of  Tejedor  and 
Verges,1,2  we  minimize  the  total  energy  of  the  valence 
electron  system,  with  respect  to  the  parameters  P  of  basis 
Slater  orbitals.  The  relevant  s  and  p  orbitals  for  the  elec¬ 
trons  of  the  nth  atomic  shell  have  the  following  radial 
dependences: 

Fsir,Ps)=csrn  ~ 1  exp(  —  psr) 
and 

Fp(r,Pp)~cpr’'-'  ex. p(  —  J3pr)  , 
where  we  have 

csM2Ps)an+"/2/VT2n)l 

and 

cp =(2Pp)a”  +  x/i) /V(2n)\ . 

From  these  orbitals  we  construct  the  spl  hybrid  orbitals® 
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0?m(r)  =  [ I/(4t/ir)][/'J(r,/3^)-|- v/3(vm 'T/r)Fp(r,pFp)}  , 
0c_vm(r)  =  [l/(4^)][FJ(r,/85)  +  v/3(vmT/r)Fp(r,^)]  , 
and  the  bonding  combination  of  the  hybrids9 
fm(r,P)  =  (  sin0)^m(r) 

=  (COS0)0lvm(r—  vmo/4)  . 

Using  the  bonding  combination10  and  employing 
Lowdin’s  symmetrical  orthogonalization  method  we  con¬ 
struct  Vmk(r,p),  a  set  of  Bloch-type  linear  combinations 
of  the  orthonormalized  functions,  from  which  we  can  ob¬ 
tain  the  Wannier  functions, 

wm(r)=N~,/22Vmk(r,p) 

i 

BZ 

[where  the  sum  is  over  the  Brillouin  zone  (BZ1]  and  the 
local  charge  density 

p(r,/?)  =  2  22u>:(r-R)uv,(r-R)  . 
m  r 

The  charge  density  is  a  function  of  the  Slater  parame¬ 
ters  P  and  the  position  r.  We  evaluate  the  total  energy, 
which  consists  of  the  ion-ion  interaction  energy  E j,  the 
kinetic  energy  T,  the  electron-ion  interaction  E2,  the  Har- 
tree  energy  E$,  and  the  exchange-correlation  energy  £,c, 
following  established  procedures.11 

The  total  energy  is  varied  (numerically)  with  respect  to 
the  parameters  P  until  a  minimum  is  found.  The  critical 
values  of  p  determine  the  ground-state  charge  density  and 
can  be  used  to  construct  the  local-density  Hamiltonian.12 
Diagonalization  of  this  Hamiltonian  using  89  plane  waves 
as  a  basis  produces  an  approximation  to  the  energy  band 
structure  em(k),  for  m  — 1,2, . . . ,  89. 

To  determine  the  hydrostatic  pressure  dependences  of 
the  band  structures  this  method  is  repeated  for  several  dif¬ 
ferent  lattice  constants. 

III.  INDEPENDENCE  OF  THE  PSEUDOPOTENTIAL 

This  approach  is  meaningful  only  if  it  gives  results 
which  do  not  depend  sensitively  on  the  choice  of  pseudo- 
potential  from  among  those  considered  to  be  “good.”  To 
verify  that  this  is  indeed  the  case  we  have  executed  the 
calculations  for  Si  using  three  different  pseudopotentials: 
(i)  the  Hamann-Schliiter-Chiang  first-principles  pseudopo- 
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TABLE  I.  Calculated  pressure  derivatives  dEw/dp  (in  meVAbar)  of  the  band  gaps  of  Si  using  dif¬ 
ferent  local  pseudopotentials. 


Gap1 

First 

principles'1 

Hard 

corec 

Soft 

cored 

Expt. 

Semiempirieal 

calculation 

rf~r„ 

0.48 

0.48 

0.34 

i±r 

1.3/  3.7" 

JLe  L0 

4.45 

4.35 

4.41 

6.2 +  0.4' 

6.6/  2.7* 

X'-X„ 

1.64 

1.59 

1.26 

3.0 

3.6/  3.6" 

Lc~r„ 

3.30 

3.21 

3.23 

5.5/  1.2* 

-1.34 

-1.42 

-1.86 

-1.5 

0.5/  -0.1‘ 

‘Xc— r„  means  the  gap  from  the  top  of  the  valence  band  at  T  to  the  conduction  band  at  X. 
bReference  13. 

'Reference  14. 

^Reference  15. 

'Reference  20. 

Reference  5. 

‘Reference  7. 


TABLE  II.  Pressure  derivatives  dE/dp  (in  meV/kbar)  of  the  band  gaps  for  GaAs  and  Ge  using  the  "soft-core"  ionic  pseudopoten¬ 
tial  of  Ref.  27. 


Gap 

Our 

result 

GaAs 

Expt. 

Semiempirieal 

calculations 

Our 

result 

Ge 

Expt. 

Semiempirieal 

calculations 

rf-r„ 

10.50 

10.74,*  12.6" 
10.7-11.7' 

tl,d  13.3' 

16.19 

15.3/  11 

14.2® 

14.3,d  16.2' 

L-e 

4.46 

5.0 

4.5, d  7.4' 

6.28 

7.5 

7.1/  8.8' 

xc-xv 

0.78 

3.6, d  4.6' 

2.36 

5.5 

4.4,d  5.4' 

ic~ru 

2.93 

2.8, d  6.2' 

4.90 

5.0 

8.0/  5.4,d  6.6' 

Xc- Fp 

-2.52 

-1.34* 

-0.8, d  1.5' 

-1.11 

-1.5 

-0.1/  2.7' 

*D.  3.  Wolford  and  J.  E.  Bradley,  Solid  State  Commmun.  (to  be  published). 
bReference  23. 


'As  compiled  in  Ref.  22. 
Reference  7. 

'Referer.ee  5. 

Reference  22. 
‘Reference  24. 


TABLE  III.  Nonlinear  pressure  coefficients  jd1E0/dp2  (in 
eVAbar2)  of  the  direct  gap  of  GaAs  and  Ge. 

Theory  Expt. 

—  7.04X10-5  -(4.5  fllXlO"5 

—  I.88\  I0  '5  - 3.77 X  Id'5 


TABLE  IV.  Pressure  derivatives  dEtap/dp  (in  meVAbar)  of 
the  band  gaps  of  Ge  using  different  basis  sets  of  localized  orbi¬ 
tals  in  order  to  diagonalize  the  Hamiltonian. 


Gap 

4i  4 p  5 s 
(10  bands) 

4s  4p  4 d 
(18  bands) 

4s  4 p  4 d  5s 
(20  bands) 

r  — r 

*  t  1 1* 

16.01 

17.89 

16.14 

L.c  Z.D 

11.63 

5.74 

5.95 

X'-Xv 

7.50 

2.33 

2.07 

L'-r„ 

9.83 

4.67 

4.64 

xt-rv 

3.62 

-0.53 

O.  U> 

Ge 

GaAs 
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tentiai,13  (ii)  the  Harris-Jones  “hard-core"  pseudopoten¬ 
tial,14  and  (iii)  the  Schluter  et  at.  "soft-core"  empirical 
pseudopotential,15  which  was  adjusted  to  fit  the  Si  band 
structure  at  zero  pressure.  Our  results  are  given  in  Table  I 
where  the  connection  between  pressure  and  lattice  con¬ 
stant  is  supplied  by  Murnaghan's  equation  of  state  * 

p  =  [BQ;  JB0/dp)}{(a0/aydB°/dp-l]  . 

Here  B0  is  the  bulk  modulus  of  Si  (978.8  kbar)  and 
dB0/dp  is  its  pressure  derivative  (4.24). 17 

The  agreement  among  the  pressure  dependences  of  the 
gaps  as  computed  using  the  three  pseudopotentials  is  ex¬ 
cellent,18  even  for  the  gaps  from  any  symmetry  point  of 
the  valence  band  to  the  conduction  band  at  X,  where  pre¬ 
vious  calculations  with  the  empirical  pseudopotential  have 
generally  failed  to  produce  even  the  correct  sign  for 
dEgap/dp.  This  success  causes  us  to  extend  Hamann’s19 
conjecture — that  different  “good”  pseudopotentiais  give 
roughly  the  same  band  gaps  (in  local-density  theory) — to 
include  pressure  derivatives  as  well.  However,  unlike  the 
absolute  band  gaps,  which  are  too  small  in  local-density 
theory,  the  pressure  derivatives  are  predicted  rather  well. 

Our  predictions  for  the  pressure-dependences  of  the 
gaps  of  Ge  and  GaAs  (using  the  pseudopotentials  of  Ref. 
27)  are  given  in  Table  II,  and  are  in  good  agreement  with 
the  data.21 

We  have  also  computed  the  second  derivatives  of  the 
band  gaps  of  Ge  and  GaAs  and  find  that  in  these  materi¬ 
als  the  second  derivatives  of  the  direct  band  gaps  are  siz¬ 
able  (see  Table  III)  as  observed  by  Welber  et  al.22,22  for 
GaAs  and  Ge.25 

The  reason  that  dEgap/dp  is  negative  for  the  gap  be¬ 
tween  the  valence  band  at  T  to  the  conduction  band  at  X 
is  the  strong  influence  of  the  d  levels  that  lie  in  energy 
well  above  the  X  minima  of  the  conduction  band.  These 
levels  repel  the  conduction  band  at  X,  forcing  it  down¬ 
ward  in  energy  (relative  to  the  minimum  at  D;  without 
the  d  states  the  pressure  dependence  of  the  X  conduction- 
band  minima  is  not  correctly  reproduced  by  the  theory. 


This  is  demonstrated  in  Table  IV  for  Ge,  where  we 
display  dEg3p/dp  as  computed  with  and  without  d  orbi¬ 
tals,  in  models  with  10.  18,  and  20  basis  orbitals  per  unit 
cell.  The  empirical  pseudopotential  method  does  not  ade¬ 
quately  represent  the  effects  of  the  d  states,  and  hence 
does  not  predict  the  correct  sign  for  dEg3p/dp  at  X. 

IV.  CONCLUSION 

Hence  we  conclude  that  the  derivatives  of  the  band 
gaps  of  Si,  Ge,  and  GaAs,  and  probably  other  semicon¬ 
ductors,  can  be  predicted  accurately  using  the  variational 
Tejedor- Verges  localized-orbital  method.  The  negative 
value  of  dEg3p/dp  for  the  gap  between  the  valence-band 
maximum  and  the  conduction  band  at  the  X  point  of  the 
Brillouin  zone  is  attributable  to  high-energy  d  states  that 
depress  the  X  minima. 

The  success  of  the  theory  in  computing  pressure  deriva¬ 
tives  of  band  gaps,  despite  the  fact  that  all  local-density 
theories  to  date  have  predicted  absolute  band-gap  energies 
in  error  by  typically  50%,  is  reassuring.  This  indicates 
that  the  localized-orbital  method  can  be  used  to  study  the 
pressure  dependences  of  deep  impurity  levels  and  the  band 
gaps  of  strained  superlattices. 

Finally,  since  the  theory  predicts  pressure  dependences 
of  absolute  band  gaps  in  good  agreement  with  the  data,  it 
also  implies  that  the  corrections26  to  local-density  theory 
necessary  to  produce  the  observed  band  gaps  necessarily 
must  be  volume  and  pressure  independent — in  order  to 
preserve  the  agreement  between  local-density  theory  ar.d 
data,  as  found  here. 
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The  Green’s-function  method,  with  an  empirical  tight-binding  basis,  is  used  to  determine  the  deep 
levels  of  the  singly  ionized  and  neutral  impurities  S,  Se,  and  Te  in  Si.  The  impurity  potentials  are 
determined  self-consistentlv.  The  resulting  theory  accounts  for  the  observed  charge-state  splittings 
of  neutral  and  singly  ionized  A  i  deep  levels,  obtaining,  for  S,  Se,  and  Te,  0.23,  0.22,  and  0.19  eV  (to 
be  compared  with  experimental  value  ,  of  0.30,  0.29,  and  0.21  eV,  and  with  a  self-consistent  local- 
density-theory  value  for  S  of  0.20). 


I.  INTRODUCTION 

The  ionization  energy  of  a  “deep”  impurity  in  a  semi¬ 
conductor  is  defined  as  the  energy  required  to  remove  an 
electron  (hole)  from  the  occupied  deep  level  in  the  band 
gap  to  the  conduction-  (valence-)  band  edge,  and  depends 
on  the  charge  state  of  the  impurity — namely,  whether  it  is 
initially  neutral,  or  charged  either  positively  or  negatively, 
with  an  integral  multiple  of  the  proton’s  charge.  A  deep 
impurity  level  is  one  produced  by  the  impurity’s  central¬ 
cell  potential.1,2  The  charge-state  splitting  of  a  deep  im¬ 
purity  level  in  the  band  gap  is  the  difference  between  the 
ionization  energies  of  the  impurity  with  charge  Q  and  the 
impurity  with  one  fewer  electron  (or  hole).  Experimental¬ 
ly,  for  defects  in  covalent  semiconductors,  charge-state 
splittings  are  typically  a  few'  tenths  of  an  eV:  For  exam¬ 
ple,  the  ionization  energy  of  S+  in  Si  (0.613  eV)  is  0.295 
eV  larger  than  the  ionization  energy  for  S°  in  Si  (0.318 
eV).3,4  The  purpose  of  this  paper  is  to  account  for  chemi¬ 
cal  trends  in  the  observed  charge-state  splittings  of  S,  Se, 
and  Te  in  Si. 

The  charge-state  splitting  of  a  deep  level  is  a  many- 
body  effect  which  results  from  the  Coulomb  interactions 
among  electrons.  In  a  potential-scattering  one-electron 
theory  ,  the  type  of  theory  one  normally  uses  when  plot¬ 
ting  a  one-electron  energy-level  scheme  or  band  structure, 
the  defect  potential  is  state  independent  and  the  charge- 
state  splitting  is  identically  zero.  In  one-electron  theories 
of  the  change-of-mean-field  type,  such  as  Hartree  or 
Hartree-Fock  theory,  the  charge-state  splitting  is  nonzero, 
because  the  one-electron  potentials  are  state  dependent. 
To  illustrate  this  point,  consider  atomic  He  in  the  Hartree 
approximation,  assuming  Is  orbital  wave  functions  of  the 
form  exp(  —Zr/a)  ,  where  2  is  the  effective  charge  and  is 
treated  as  a  variational  parameter.  For  the  (Is)2  neutral 
ground  state,  we  have  an  effective  charge  Z=- jj-  and 
e,s(Z  =  y~)  =  —  yfj-Ry,  and  for  the  singly  ionized  state, 
we  have  Z  —2  and  e)s(Z=2)=—  4  Ry.5  The  ionization 
energy  Ef  of  He+  is  4  Ry  or  54.40  eV.  The  ionization 
energy  E?  of  He0  is 


£/°=£t0t(He+)  — £,ol(He°) 

=€U(Z=2'-2€IS(Z  =  ^)+U 

=(-!&>  Ry , 

where 

t/=  ( Is, Is  |  e:/r  |  Is, Is  >  =  (-—>  Ry 

is  the  electron-electron  repulsion  integral.  The  charge- 
state  splitting  of  atomic  He  and  He  ”,  calculated  in  this 
Hartree, approximation,  is  2.30  Ry: 

A£  =  Ef  —E? 

—  — 2e„(Z  =2)-f  2eij(Z  =  ) —  U  =  (-p^- 1  ^-Y  - 

Experimentally  A E  is  2.19  Ry,6  indicating  that  exchange 
and  correlation  effects  contribute  of  order  5%  (ai.d 
presumably  can  be  neglected  in  calculations  of  charge- 
state  splittings  for  defects  in  solids). 

For  S,  Se,  and  Te  in  vacuum,  the  experimental  charge- 
state  splittings  between  the  neutral  ( s2pi  configuration) 
and  singly  ionized  (s2p3)  states  are  13.04,  1 1.75,  and  9.59 
eV,  respectively.6  However,  the  corresponding  charge- 
state  splittings  for  the  deep  levels  associated  with  S.  Se, 
and  Te  in  the  fundamental  gap  of  Si  are  approximately 
two  orders  of  magnitude  smaller:  0.295,  0.286,  and  0.212 
ev  M,  These  small  splittings,  which  are  typical  of  deep 
levels  in  semiconductors,  are  in  accord  with  theoretical 
predictions.8  Roughly  speaking,  one  of  these  orders  of 
magnitude  comes  from  the  screening  of  the  Coulomb  in¬ 
teractions,  e:/e»\.,  in  the  semiconductor  by  the  dielectric 
polarization  of  the  smlence  band.  e=:12;  the  second  order 
of  magnitude  is  attributable  to  me  fact  that  the  average 
separation  of  correlated  electrons  occupying  the  deep  lev¬ 
el,  rav,  is  approxim  it  -iy  a  lattice  constant  ~5.43  A  rather 
than  a  Bohr  rarih.  .53  A.  The  electrons  are  separated 
by  such  a  large  dioance  because  the  deep-level  state  in  the 
gap  is  antibonding  and  hostlike,1”  with  its  wave  function 
spread  primarily  over  the  four  neighbors  to  the  chalcogen 
impurity.  Thus  the  average  separation  between  electrons 
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is  roughly  the  distance  between  Si  neighbors  on  opposite 
sides  of  the  chalcogen.  (Recall  that,  in  contrast  to  the 
hostlike  antibonding  deep  levels,  the  hyperdeep  levels'  2  of 
S,  Se,  and  Te,  which  should  lie  ~  15  eV  below  the 
valence-band  maximum,  are  the  bonding  chalcogenlike 
states.) 

In  this  paper  we  present  an  empirical  tight-binding 
theory  of  charge-state  splittings  for  deep  impurity  levels 
in  semiconductors  and  apply  it  to  S,  Se,  and  Te  in  Si. 
Hence  this  work  is  complementary  to  earlier  studies,  using 
local-density  theory,  of  the  S  defect  in  Si.8 

II.  CALCULATIONS 

Our  model  employs  the  Hjalmarson  model  of  deep  im¬ 
purity  levels,*'2  the  Vog]  spis*  empirical  tight-binding 
model  of  electronic  structure,9  and  the  Haldane-Anderson 
model  of  Coulomb  effects.10  Although  the  Haldane- 
Anderson  model  was  originally  designed  to  treat  transi¬ 
tion  metals,  it  has  been  adapted  by  Sankey  and  co-workers 
for  the  treatment  of  deep  levels  associated  with  interstitial 
defects  in  Si.11  Since  it  provides  an  especially  simple  and 


/ 

convenient  scheme  for  executing  self  consistent  calcula¬ 
tions  in  a  tight-binding  basis,  we  use  it  to  study  the 
charge-state  splittings  of  substitutional  deep-impurity  lev¬ 
els,  including  the  chalcogens  in  Si. 

The  Schrodinger  equation  for  the  perfect  crystal  is 


where  E  ■  is  an  energy  band  structure  and  i/<  ...  are  lilocli 

n  k  n  k 

functions.  A  point  defect  or  impurity  breaks  the  transla¬ 
tional  invariance  of  the  perfect  crystal  and  induces  some 
perturbation  potential  V.  The  eigenvalue  equation  for  the 
imperfect  solid  is 

Htl>MH°+V)4>=EiP .  (2) 

The  formal  solution  of  Eq.  (2)  in  the  forbidden  band  gap 
is  given  by 

ip=G°{E)Vif> ,  (3) 

where  G°(E)  =  (E — H°)~l  is  the  Green’s  operator  and  is 
real  in  the  band  gap.  A  nontrivial  solution  of  Eq.  (3)  for 
exists  if 


det[l— G°(£)F]  =  0=det 


'-e /;*-(£•!£ I *,!•  rK*,r |  r 

n  k 


(4) 


Here  P  denotes  a  principal  value  integral.  The  perfect  crystal  Hamiltonian  H°  in  the  nearest-neighbor  empirical  tight- 
binding  ip 3s* -basis  model  of  Vogl  el  al.9  is 

H°—  ^  [  |worR)£f>sO'fl<xR|  +  |/coR  +  d)EfiC{/cc7R  +  d  |  ] 

l,cr,  R 

+  2  [ \iaaR)Vij(R,R'+dHjcaR'  +  d  |  +H.c.]  .  (5) 

R  ,  R  ' 


Here  i  =s,  px,  py,  pz,  or  s*  labels  the  orbitals,  a  and  c 
denote  anion  and  cation  (for  a  polar  semiconductor),  a  is 
the  spin  (  T  or  i),  R  specifies  the  unit  cell,  and  H.c.  stands 
for  Hermitian  conjugate.  The  transfer-matrix  elements 
Vjj  are  nonzero  only  between  nearest  neighbors.  The 
states  |  iaoR)  and  |  /ccrR-Fd  }  are  localized  orbitals  cen¬ 
tered  on  the  anion  at  R  and  the  cation  at  R  +  d,  respec¬ 
tively.9,12  The  defect  potential  for  a  single  impurity  locat¬ 
ed  at  R  =  0  (taken  here  to  be  an  “anion”  site)  can  be  writ¬ 
ten  as 

V=  2  I  ‘a  <J  0 )  1 riaa  <  ia  <t0  | 

i,o 

+  2  |tccrR+d)F/CCT{/ccR  +  d  |  ,  (6) 

R 

where  the  sum  on  R  is  taken  over  four  neighbors,  and  the 
basis  orbitals  at  0  are  impurity  orbitals.  The  impurity  po¬ 
tential  includes  a  central-cell  part,  because  that  part  of  the 
potential  is  responsible  for  the  formation  of  deep  levels;  it 
contains  a  first-neighbor  contribution  because  the  impuri¬ 
ty  wave  function  is  located  on  the  neighbors  and  neglect 
of  this  part  of  the  potential  would  lead  to  charge-state 


splittings  too  small  by  a  factor  of  ~10.  The  off-diagonal 
matrix  elements  of  the  impurity  potential  are  assumed  to 
be  independent  of  the  ionicity  of  the  defect,  in  accord 
with  Harrison’s  rule  that  they  depend  only  on  the  bond 
length.  For  simplicity,  longer-ranged  contributions  to  V 
are  neglected. 

The  problem  of  determining  the  deep-level  energy  E  for 
a  given  charge  state  has  two  parts:  (i)  finding  £  as  a  func¬ 
tion  of  V  (that  is,  Vioa  and  Vico,  where  /  =s,  px ,  py ,  or  pz) 
by  solving  the  secular  Eq.  (4)  using  the  known  Hamiltoni¬ 
an  H°,  and  (ii)  determining  the  appropriate  self-consistent 
potential  V,  and  the  charge  distribution  determining  it. 
Since  (i)  has  been  discussed  in  detail  elsewhere,1'2  we  ex¬ 
plain  only  (ii). 

For  a  free  atom,  the  one-electron  energy  of  the  valence 
electron  in  spin-orbital  a  (a—st,  si,  pxU  Pyh  pzU 
pxl,  pyl,  or  pz  i)  for  the  given  configuration  (na)  de¬ 
pends  on  the  configuration  and  is  approximated  by  the 
following  expression  of  Haidane  and  Anderson,10  using 
three  differem  electron  repulsion  parameters  t/„,  Upp, 
and  Usp: 

&sa  (  n  a  i  =  ^j°+  2 \‘nso '  Uts  +  2  nPf‘  ^sp  > 
a'  j.a' 


(7) 
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and 

Ep.„\na\=Ep  +  '2,'nl>ja-Upp  +  '2,nsaUsp  ,  (8) 

j,a'  o' 

where  a  is  rhe  spin  ( ;  or  l),  we  have  j—x,  y,  or  z,  and  the 
prime  on  the  summation  indicates  that  the  self-interaction 
is  excluded.  Here  na  are  the  occupation  numbers  of 
spin-orbital  a  and  they  are  integers  (0  or  1)  for  the  free 
atom.  Sankey  and  Dow11  determined  the  five  empirical 
parameters  £°,  Ep,  Upp,  and  Usp,  using  the  require¬ 
ment  that  Hartree-Fock  s-  and  p-electron  energies  and  the 
observed  ionization  potentials  of  the  free  atoms  be  fitted. 
In  the  solid,  we  assume  that  the  electronic  energy  of  an 
atom  is  a  continuous  and  differentiable  function  of  occu¬ 
pation  numbers14  with  the  same  empirical  parameters 
U  as  those  of  the  free  atom —  but  with  np  not  necessarily 
integers.  Here  we  have  the  notation  p  =  (a,b, R),  where  b 
is  either  a  (for  anion)  or  c  (for  cation)  and  R  denotes  the 
position  of  the  unit  cell  in  the  crystal.  The  anion  site  of 
the  central  cell  [see  Eq.  (6)]  is  denoted  by  D  =  (a,0). 

The  spin-orbita!  occupation  number  is  np  =  ndctp  +  n“, 
where  np  comes  from  the  redistributed  electrons  in  the 
valence  bands  and  can  be  found  by  integrating  the  local 
spectral  density  of  states  D^E)  from  —  oo  to  the  top  of 
the  valence  band  (zero  energy),  i.e., 

-  $°_J(E)Dp(E)dE  ,  (9) 

where  f(E)  is  unity  if  the  one-electron  state  of  energy  E  is 
occupied  and  zero  otherwise.  The  spectral  density  of 
states  D^E)  is  related  to  the  Green’s  operator  G°(£)  of 
the  perfect  crystal  by15 

Dp{E)=(p  |  p(E)  |/z>=(  -  l/rrllm  (p  \  G(E)  \p)  , 

=  (  —  \/ir)\m{p  |  [  1  —  G°(£)K]-IG°(£)  | /x)  ,  (10) 


where  p(E)  =  (  —  l/i7)ImG(£)  is  the  state  density  operator 
for  the  perturbed  crystal,  and  the  last  relation  comes  from 
Dyson’s  equation. 

The  total  spin-orbital  occupation  number  includes  a 
contribution  from  the  deep  level  and  is  given  by 

nll=n°/1  +  '2/(p\il>i)(itii\p)  ,  (11) 

i 

where  1 1 fa )  are  the  wave  functions  of  occupied  discrete 
states  in  the  band  gap.  The  wave  function  of  the  discrete 
state  at  energy  £  in  the  band  gap  can  be  obtained  by  solv¬ 
ing  Eq.  (3)  with  (he  normalization  condition15 


1  =  <  0  |  ^)  =  ( ipVG°(E)  |  G°(E)Vrp) 
=  <0|  V[G\E)]2V  \xb)  . 


Since  we  have 


[G°(£)]2=  — 


_d_ 

dE 


G°(£)  , 


the  normalization  condition  becomes 


<  (/'  I  V 


d 

dE 


G°(£)K|  (/»>  =  -!  . 


(12) 

(13) 

(14) 


Finally,  the  new  matrix  elements  of  the  impurity  poten¬ 
tial  can  be  constructed  by  the  following: 

=  V\p)  =  {p\H~H°\p) 

=  £,,( impurity )  —  £M( host)  .  (15) 

Now,  the  self-consistent  scheme  is  implemented  as  fol¬ 
lows:  For  the  input  impurity  potential  Vp  on  each  site, 
we  solve  Eq.  (4)  for  the  eigenvalue  £.  With  this  eigen¬ 
value  £  and  input  we  compute  the  total  spin-orbital 
occupation  numbers  n M  for  the  site  by  Eq.  (11).  These  np 
give  the  new  by  Eqs.  (15),  (7),  and  (8).  This  procedure 
is  repeated  iteratively  until  self-consistency  is  obtained. 

III.  RESULTS  AND  DISCUSSION 

The  above  method  was  applied  to  S+,  S°,  Se+,  Se°, 
Te+,  and  Te°  donors  in  Si,  because  they  are  well-studied 
substitutional  impurities  at.d  experimental  ionization  en¬ 
ergies  are  available.  For  the  unperturbed  host  Si  band 
structure,  we  used  the  empirical  tight-binding  model  of 
Vogl  et  al.,'’  which  yields  good  band  structures,  including 
the  lowest  conduction  band,  with  an  indirect  band  gap  of 
1.17  eV.  In  computing  the  defect  levels,  the  self- 
consistency  scheme  was  iterated  for  those  pt  referring  to 
the  central  cell  only.16  Then,  using  Eq.  (3),  the  wave  func¬ 
tions  at  the  first-neighbor  sites  were  computed,  as  well  as 
the  charge  densities  np  [Eq.  (9)]  and  the  defect  potentials 
[Eq.  (15)]  for  p  referring  to  these  sites.  Then  Eq.  (4)  was 
solved  for  the  defect  level  (without  iterating  the  defect  po¬ 
tentials  on  the  neighboring  sites  to  self-consistency).16 

Our  calculations  show  that  the  neutral  and  singly  ion¬ 
ized  centers  each  form  an  s-like  A !  state  in  the  band  gap 
and  a  triply  degenerate  p-like  7%  resonance  state  just 
above  the  conduction-band  edge.  This  A )  state  is  pulled 
down  from  the  conduction  band  because  the  chal- 
cogenides  are  more  electronegative  than  Si.  The  A  i  state 
is  occupied  by  one  and  two  electrons  for  the  singly  ionized 
and  neutral  centers,  respectively.  Although  the  charge 
states  of  the  two  levels  differ  by  unity,  only  about  8%  of 
each  deep-level  electron's  charge  resides  within  the  central 
cell  of  the  impurity.17-19  Ionization  of  the  neutral  impur- 
itv  decreases  from  0.16  to  0.08,  but  n  -  in- 

creases  to  almost  fully  compensate  this  effect.  Thus  the 
valence  electrons  screen  the  deep  impurity  to  make  it  lo¬ 
cally  neutral  in  the  central  cell,  regardless  of  its  global 
charge  state. 

The  predicted  absolute  ionization  energies  of  the 
chalcogen’s  deep  levels  are  given  in  Fig.  1,  where  they  are 
compared  with  the  data  of  Refs.  3  and  4.  The  agreement 
is  gratifying,  especially  since  the  theory  omits  the  effects 
of  lattice  relaxation,20  the  long-ranged  Coulombic 
electron-impurity  interaction,  and  electron-electron 
correlations — and  hence  can  be  expected  to  have  an  uncer¬ 
tainty  of  a  few  tenths  of  an  eV.  Indeed,  the  agreement  be¬ 
tween  theory  and  data  becomes  excellent  if  the  theory  is 
shifted  downward  by  ~0.3  eV.  We  are  aware  of  one  oth¬ 
er  self-consistent  calculation  of  a  charge-state  splitting  for 
a  chalcogen  substitutional  impurity  in  Si:  Bernholc  et  al* 
treated  S  in  Si.  That  theory  predicted  an  A,  state  0.1  eV 
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FIG.  1.  Deep  energy  levels  in  the  band  gap  of  Si  of  the  singly 
charged  and  neutral  chalcogen  impurities.  All  energies  are  mea¬ 
sured  with  respect  to  the  conduction-band  minimum  or  ioniza¬ 
tion  threshold.  The  theoretical  predictions  are  denoted  by  solid 
lines  (with  their  energies  underneath)  and  the  data  of  Refs.  3 
and  4  are  given  by  dashed  lines.  Occupation  of  the  A ,  one- 
electron  states  by  one  or  two  electrons  is  denoted  by  solid  circles. 

below  the  conduction-band  minimum,  and  found  T2-  and 
^-symmetric  resonances  somewhat  above  the  band  edge. 
After  including  the  long-ranged  Coulombic  electron- 
impurity  interaction,  Bemholc  et  al.  predicted  first  and 
second  ionization  energies  for  S  of  0.25  and  0.45  eV — in 
satisfactory  agreement  with  our  results  of  0.01  and  0.24 
eV.  The  theoretical  uncertainties  in  the  self-consistent  lo¬ 
cal  density  calculations  are  comparable  with  those  of  the 
present  work  despite  the  orders  of  magnitude  greater  com¬ 
putational  complexity  of  that  theory,  which,  because  of 
problems  related  to  obtaining  the  correct  energy-band  gap, 
must  include  many  bands  to  obtain  an  adequate  represen¬ 
tation  of  the  conduction-band  spectral  density  in  Eq.  (4). 
(The  present  work  circumvents  that  problem,  in  effect,  by 


using  an  empirical  fit  to  the  conduction-band  structure 
and  the  density  of  states.9)  Shimizu  and  Minami,  using  a 
cluster  molecular-orbital  theory,  predicted  an  ionization 
energy  of  S+  in  Si  of  0.57  eV.2!  While  this  energy  is  in 
excellent  agreement  with  the  data,  the  wave  function  asso¬ 
ciated  with  this  level  appears  to  be  quite  different  from 
that  determined  experimentally.'8'22 

The  charge-state  splittings  of  ionization  energies 
predicted  by  the  present  theory  are  0.23,  0.22,  and  0.19 
eV,  and  are  in  good  agreement  with  the  experimental 
values  0.30,  0.29,  and  0.21  eV  (Refs.  3  and  4)  for  S,  Se, 
and  Te,  respectively.  The  chemical  trend  in  the  observed 
charge-state  splittings,  AES>  AESc>  AETe  ,  is  correctly 
reproduced.  The  value  of  0.20  eV  obtained  for  S  by 
Bemholc  et  al}  is  slightly  farther  from  the  data  than  our 
value,  but  this  difference  is  not  significant,  and  the  two 
theories  should  be  viewed  as  giving  the  same  prediction. 

The  predictions  of  deep-level  energies  obtained  here  are 
very  similar  to  those  predicted  by  Hjahnarson  et  al}'2  us¬ 
ing  a  non-self-consistent  theory  for  neutral  impurities.  By 
iterating  the  theory  to  self-consistency  we  have  been  able 
to  obtain  charge-state  splittings  of  the  magnitude  observed 
experimentally.  However,  the  present  work  shows  that  a 
deep  impurity  tends  to  remain  locally  neutral  in  its  central 
cell,  regardless  of  its  global  charge  state.  For  deep  levels 
associated  with  single  or  double  donors  or  acceptors  in  co¬ 
valent  homopolar  semiconductors,  the  splittings  are 
known  to  be  0.2  to  0.3  eV  in  magnitude,  and  can  just  as 
accurately  be  taken  into  account  by  an  ad  hoc  adjustment 
upwards  (downwards)  of  the  neutral  defect  levels  by  ~0.2 
to  0.3  eV  for  each  extra  electron  (hole).  Of  course,  this 
should  not  apply  to  highly  charged  states  of  defects  in 
strongly  heteropolar  materials  or  to  systems  in  which 
there  is  significant  charge  transfer.  For  such  systems,  ful¬ 
ly  self-consistent  theories  may  be  necessary. 
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purities  S°,  Se°,  and  Te'\  and  found  that  the  absolute  energies 
of  the  deep  levels  changed  by  a  value  only  =0.05  eV,  a  negli¬ 
gible  amount  on  the  scale  of  theoretical  uncertainty. 
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1.  —  Introduction. 

Ill  these  leet  arcs  we  ontlim*  a  simple  but  general  theory  of  electronic  states 
associated  witli  localized  perturbations  in  semiconductors.  The  basic  problem 
we  consider  is  the  « deep -level  problems,  namely  predicting  the  point-defect 
energy  levels  that  lie  near  the  middle  of  the  band  gap  of  a  semiconductor. 
‘When  we  began  work  on  this  problem,  a  dee])  level  was  defined  as  a  level  that 
was  not  shallow,  namely  one  more  than  0.1  eV  from  the  nearest  band  edge — a 
level  that  could  not  be  thermally  ionized  at  room  temperature.  (That  definition 
has  since  been  revised:  see  below.)  Our  own  interest  in  the  deep-level  problem 
resulted  from  data  of  Wolford  and  Street-man  for  the  X  impurity  in  GiiASj_*P* 
alloys  [1],  This  impurity  appeared  to  be  shallow  in  Gal’,  having  a  binding 
energy  of  mily  cr1 11  ineY.  even  smaller  than  the  35  meV  elTeetivc-mass  theory 
binding  energy  of  the  sliallow  donors  S  and  Se.  However,  it  became  a  genuine 
deep  level  in  the  alloy  for  ;n  cm  0,5  and  merged  into  the  conduction  band  as  a 
resonance  for  x<  0.22  (See  fig.  1  [2,  3]).  Tims  the  X  impurit  y  level  was  appar¬ 
ently  sliallow  (for  x  —  1).  deep  (l'or  ~  0.5)  ami  no  level  at  all  (for  .r  <  0.22) 
as  one  varied  alloy  composition  a*  continuously  from  Gap  (.r  =  1)  to  GaAs 
(x  =  0). 

1M.  Ga As-Jb.  -  The  alloy  host  GaAs,_,l%  has  a  band  structure  that  is 
well  described  by  the  virtual-crystal  approximation  [4]  and  varies  contirmmsly 
from  t  lie  dircct-gap  band  structure  of  GaAs  (witli  t  lie  conduction  band  minimum 
at  F=  (0,0.0)  in  the  Brillouin  zone)  to  the  indirect -gap  structure  of  GaP 
(with  flic  conduction  band  minimum  near  tlx*  -Y-point:  (t’.-r/aJP .  "•  0))  (see 
tig.  2).  Tin*  band  gap  <>f  GaAs  is  in  1  lu*  infra-red.  Pure  GaAs  would  emit  such 
light  because  the  baud  gap  is  direct,  and  the  magnitude  of  11a*  uniuientum  of 
a-  thcrinalized  electron-hoi  -  pair,  \h\  —  /qj,  can  be  equal  to  (lull  ol'  the  emitted 
pholon.  2.-7  which  is  essentially  zero  on  the  scale  of  the  Brillouin  zone.  In 
eontrasi.  Gal*  has  an  indirect -gap  band  structure,  and  so  a-  tbermalized  con¬ 
duction  electron  has  a  significantly  different  wave  vector  from  a  thcrinalized 
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Fig.  1.  -  Illustration  o!  the  dependence;.':  of  shallow  and  deep  impurity  levels  on  alloy 
composition  x  in  Ga^\s,_,rPI  alloys,  after  ref.  [2,  3].  The  zero  of  energy  is  the 
valence  hand  maximum.  The  direct  conduction  hand  edge  is  and  the  indirect  edge 
is  .  The  X  and  0  deep  levels  arc  denoted  hv  solid  lines.  The  shallow  levels  of  S 
(or  Sc)  are  denoted  hv  dashed  lines.  Xote  that  the  direct-indireot  cross-over  occurs 
for  x  ~  0.45  and  that  the  shallow -level  'binding  energy  is  larger  in  indirect  material 
(because  the  cifeotive  mass  is  larger). 

hole.  Hence  pure  GaP  cannot  emit  light  even  though  its  band  gap  is  in  the 
green — a  highly  visible  part  of  the  spectrum.  The  alloy  lias  become  techno* 
logically  important,  because,  for  r  ~  0.4 ,  the  band  gap  lies  in  the  visible 
(red),  but  the  band  structure  is  si-ill  direct — lienee  this  material  is  employed 
in  red  light-emitting  diodes  (LEDs). 

l  l! .  Column  V  uilr  in.,  ui'ilirs  X.  <),  S mid  So  in  C!a Asj_rl ’T .  —  To  fabricate 
a  light-emitting  diode  that  emits  in  the  yellow  or  the  green  from  these  alloys, 
one  needs  a  source  or  sink  of  crystal  momentum.  K  ~  (rirr/»/jr') ( 1 ,  n,  tl),  so  Hint 
the  selection  rule  h\  —  7>h  ±  ~  0  ran  he  satisfied.  Impurities  can  supply  Hie 
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Fig.  2.  —  Electronic  energy  "band  structures  P{h)  of  GaAs  and  Gal1  from  L  to  P  to  X 
along  tlie  (100)  (i.e.  r  to  X)  and  (111)  (i.e.  r  io  L)  directions  of  the  Brillouin  zone,  after 
.M.  L.  Foil  US'  and  T.  K.  Bkkgstjiksskj::  Phys.  Per..  141 ,  780  (JOOti).  Note  that  the  band 
gap  of  GaAs  is  direct  but  in  the  infra-red;  GaP  has  an  indirect  gap  from  the  valence 
bund  maximum  at  P  to  the  conduct  ion  band  minimum  at  X,  in  the  visible  region  of 
the  spectrum. 


needed  momentum,  with  the  impurities  most  likely  to  occur  on  the  column  V 
site  of  GaAs, being  X",  O,  S  and  So.  Ironically,  two  of  these  impurities, 
S  and  Se,  produce  shallow  levels  in  the  band  gap  of  GaAs,_,P*  that  lie  close 
to  the  conduction  band  edge  and  follow  the  edge  as  the  composition  varies. 
But  two  do  not.  Oxygen  lies  several  tenths  of  an  eleetronvolt  deep  in  the  band 
gap  of  GaP  and  its  energy  level  decreases  linearly  as  x  decreases — it  is  a  genuine 
deep  level  by  all  definitions.  Tlie  behavior  of  X  (with  respect  to  the  valence 
band  maximum)  is  especially  interesting;  in  GaP  it  is  apparently  shallow  with  a 
11  meY  binding  energy,  and.  with  decreasing  alloy  composition  ,v,  its  energy 
level  decreases  linearly,  similar  to  the  oxygen  deep  level,  becoming  «  genuine 
deep  trap  (by  the  old  definition:  more  than  0.1  eY  from  the  conduction  band 
edge)  for  x  ~  0.5.  At  x  —  0.22,  however,  the  X  level  goes  into  the  conduction 
band.  In  other  words,  X  appears  to  be  shallow  energetically  for  .r  =  1,  is  deep 
for  .)•  =  0.5  and  is  a  resonance  for  x  =  0  (see  fig.  1).  Moreover,  the  X  level  is 
unattached  to  the  conduction  band  edge,  and  dEjdx  for  this  level  is  character¬ 
istic  of  a  deep  trap  such  as  O.  Those  facts  led  us  to  believe  that  X  is,  in  fact, 
a  deep  level  whose  energy  accidentally  lies  dose  to  the  conduction  band  edge 
in  Gal’  and  heroines  resonant  in  GaAs — and  focussed  our  attention  on  X  as 
the  prototypical  deep  trap  [5]. 


2.  -  The  Yogi  model  of  electronic  structure. 

The  foundation  for  much  of  what  we  shall  discuss  in  these  lectures  is  an 
empirical  i ight-biiiding  theory  of  electronic  structure  developed  by  Yoon 
<7  id.  ( 0 1.  This  theory  has  three  distinguishing  features:  i)  It  properly  represents 
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lin'.  chemistry  of  the  up3  bunding,  because  il  has  a  basis  which  includes  one  s 
orbital  and  three  p  orbMais  at  each  atomic  site  (as  well  as  one  addition:!]  ,v 
orbital:  #*).  ii)  It  itroduces  indirect-gap  band  structures  bn-  Si  and  Gap  with 
a  niinimum  number  of  basis  fnnelions,  live  per  site.  (Pure  *yr,-basis  tight- 
binding  models  do  not ;  the  extra  s*  orbital  produces  the  indirect  la, ml  st  met  are 
by  pushing  the  indirect  conduction  band  minimum  down  in  energy),  iii)  Tbe 
parameters  of  the  J  la  mil  Ionian  exhibit  manifest  chemical  t  tends  that  are  codilied 
in  sealing  rules:  the  diagonal  matrix  elements  are  related  to  atomic  energies, 
and  the  off-diagonal  matrix  elements  are  inversely  proportional  to  <(-,  the  square 
of  the  bond  length  (Harrison’s  ride  [7]). 

This  empirical  Hamiltonian  was  arrived  at  by  Yma,  and  Hjaljiaksox  after 
a  great  deal  of  labor  and  represents  an  attempt  to  simultaneously  describe  Hie 
energy  bands  of  sixteen  semiconductors.  The  Yogi  lm-.lel  drew  much  of  its 
inspiration  from  Harrison’s  bond  orbital  model  [8],  which  was  one  of  the  first 
successful  attempts  to  develop  a  simple  Hamiltonian  for  describing  chemical 
trends  for  many  semiconductors — it  described  valence  hand  structures  rather 
accurately.  A  distinguishing  feature  of  the  Yogi  model  is  its  ability  to  reproduce 
genera]  features  of  the  lowest  conduction  bands  as  well. 

The  sealing  rules  for  chemical  trends  in  the  parameters  of  the  Yogi  model 
are  very  important.  Because  of  them,  the  Yogi  Hamiltonian  can  be  generalized 
to  treat  inhomogeneous  semiconductors — even  though  the  information  contained 
in  the  model’s  parameters  comes  exclusively  from  the  known  energy  band 
structures  of  homogeneous  semiconductors.  For  example,  if  one  atom  is  changed 
(e.g..  one  1’  in  GaP  is  re] da ecd  by  a  X  atom),  the  matrix  elements  for  the  changed 
Hamiltonian  can  be  deduced  by  changing  the  host  matrix  dements  according 
to  the  scaling  rules. 

The  basic  philosophy  in  real  ( R )  space  of  empirical  tight-binding  theory  is 
similar  to  the  philosophy  for  ordinary  psendopntential  theory  (in  Jfc-spaeo): 
remove  the  distant  parts  (in  JR-spaco)  of  the  Hamiltonian  mul  lump  them  into 
near-neighbor  parameters  that  are  determined  empirically. 

Tight-binding  basis  functions  \nhk)  are  contracted  from  (unknown)  localized 
quasi-ntoinie  orbitals  jufc/?,) 

(1)  \nbk)  =  2T*  T  \nbRj)  exp  \ik-R,  -f  ik-v>]  , 

} 

where  v  =  s,  pt,  pv,  p:.  or  ■%•*  specifies  the  basi<  orbital,  we  have  h  —  a  {anion) 
or  h  —  c  (cation),  1:  is  fin-  Block  wave  vector,  Ilj  is  an  anion  site  in  a  ziueblcnde 
structure,  we  have  t>a  =  0.  and  rf  is  Hie  position  of  the  cal  ion  relative  to  the 
anion.  In  this  basis,  the  secular  equation  .reduces  to  the  !»xHi  system 


(H"~  t(i-;.))  *=  <> . 
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"liere  wo  liiivo  (symbolically)  Hie  Blocli  slate 

(»)  |A/.>  =  2  \nl>k)(„bk\k/.y  . 

n,b 

in  (be  ]nbk)  ti<>bt-bindin.jr  basis  we  have  the  30X.10  TTamill onian  matrix 

(/.  =  ],  2,...,  3(1) 
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Here  we  bare,  for  A  =  (2.-r/ai)(A1,  A.,  ?;3)  and  aL  tbe  lattice  constant 
,(/ti(A)  =  cos  (nkj‘2)  cos  (n:fc./2)  cos  {nVJ;2)  —  <'  sin  (jrfcj/2)  sin  (,-r/r./2)  sin  (aA:i/2 )  , 
ffi(A)  =  _  cos  (ntj/2)  sin  (aB/2)  sin  (ji7„3/2)  -f  ?  sin  (.-t/^/2)  cos  (rrZ-,/2)  cos  frfr,/-) , 
^i(A)  =  —  sin  {nl\l'2)  cos  (nbtl2)  sin  (;rA3/2)  —  ?'  eos  (ji7;,/2)  sin  (;tA2/2 )  cos  (tc/,-3/2) 
and 

<Ai(A)  =  —  sin  (.tAj/2)  sin  (rz7r./2 )  cos  (n:A3  2 )  -f  i  cos  (nlixl'2)  cos  (;tA2/2)  sin  (jtA3/2)  . 
We  have 

(soKI.S'jsfli?)  £(*.  a)  , 

=  S(p,  a) , 

(scjRj.H'jsc.R)  =  £(.<;.  c.) , 

(i)cjR|H|i)cR)  =  c) , 

(.^fljRjWnR)  =  £(**,  «)  , 

=  74(s*,  c)  . 

4  (aaR'E^cR)  =  V(&,x), 

■i(pz(tR\H\)ir'-R)  =  V(.r,*), 

7/  p ,fJii  —  F(.r. ;/)  .. 

•i(««JR;//jj;i,cil5  —  r(.v«.  j.,  '  . 

!  (px<t]{  ]l  \sCli  ;  —  V(XC,]I« )  . 

■I(s=sniij77|j/,e2i)  =  r(**a.;ifl) 
and 

=  r(?;r,  **c)  . 
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This  is  tin*  basic  Hamiltonian  to  In*  used  throughout  the  present  work. 
Tlu*  reader  should  become  familiar  with  it  by  working  the  following  three 
problems. 

Problem,  1.  Compute  the  energy  band  structure  at  A-  —  0  of  Gal’,  taking 
your  zero  of  energy  at  the  valence  band  maximum.  Compare  your  results 
with  fig.  2  of  ref.  [G].  For  GuP  the  Yogi  tight-binding  matrix  elements  are. 
£(*,«)  —  -S.1J24,  E(p.  a)  —  3.125U,  e)  =  -  2.J97U,  TAp,  e)  =  4.3150, 
«)  =  3.5150,  E(s*.  c)  =  7.1850,  F(s.  »•)  =  -  7.1709,  F(.r,  .r)  ~  2.15]  G. 

F (a?, //)=  3.3369,  F(*«,pc)  —  4.2771.  F(*e.  jp«)  =  6.310O..  !*(•<*«.  pc)  =  1. Cell 
and  F(pn,  **<•)  =  5.0950.  (For  other  semic  onductors,  see  ref,  [0].) 

Problem  2.  Compute  the  hand  structure  at  the  A-point,  A-  =  (2rr/«i)(] ,  0,  0), 
of  the  Brillouin  zone. 

Problem  3.  Write  down  the  change  in  the  Hamiltonian  matrix,  AH,  in  the 
| iibR)  basis  for  a  IS"  atom  replacing  3*  in  Gap  at  R  =  D.  Assume  that  tlu*  bond 
length  does  not  change  when  X  replaces  P  and  that  the  matrix  elements  involv¬ 
ing  s*  remain  unaltered  (because  a-*  simulates  nonlocal  effects  of  distant  neigh¬ 
bors).  Xegleet  distinctions  between  the  host  basis  orbitals  | nbR)  and  the  cor¬ 
responding  impurity  orbitals  (in  subsequent  work,  we  shall  actually  be  using 
the  impurity  orbitals  at  the  impurity  site).  Show  that  the  matrix  is  4x4  and 
diagonal.  Suppose  further  that  the  diagonal  matrix  elements  T*  and  1'  of  AH 
•are  given  by  the  Vogl-Hjalmnrson  scaling  rules  [G] 

(Ci n)  F  =  ii.8(«-(a,  X)  -  w(s.  P)) 

and 

(Gb)  F„  =  0.6(ic(p,  X)  —  ie(p.  P))  , 

where  the  atomie-orbital  energies  v  for  X  and  1*  are  [6]  ir(*.  X)  =  —  25.7130, 
ir(p,  X)  =  —  15.4383,  «(*,  P)  —  —  38.9125  and  v(p.  P)  =  —  ]  (I.C544.  Finally, 
using  ref.  [0],  determine  the  numerical  values  of  the  defeat  potentials  F(  and 
F„  for  O.  S,  So  and  To  and  for  li,  C,  X.  O  and  F.  1  f  yon  have  worked  problem  3, 
you  have  set  up  the  Hamiltonian  for  obtaining  the  deep  levels- of  X  in  Ga'P. 


3.  -  The  Ujalmarsoii  t  •>!.  theory  of  deep  impurity  levels. 

3"J.  tyititjiliiiirr  r>  nttirliit.  -  In  the  laic-  1 95o\s  Roux  and  collaborators  do- 
veloped  the  elTective-mass  llieory  of  shallow  impurities  in  semiconductors  ;9]. 
According  to  this  theoiy,  an  impurity  such  as  S  substituting  for  As  in  GaAs 
produces  a  donor  electron  that  orbits  the  extra  nuclear  charge  of  S  (relative 
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to  As)  in  ii  large  hydrogen  it*  orbit,  tin*  envelope  wave  function  for  which  satisfies 
a  Schrodingej  equation 

(7)  [(-  lf-pM*)  J  -  &e*;er)]  y  =  (E  ~  EJ  v- , 


wliere  »r:  is  the  conduction  band  effective  mass,  Z  is  the  excess  valence  of  the 
impurity  atom  with  respect  to  the  host  atom  it  replaces  (unity  for  S  on  an 
As  site  in  GaAs),  e  is  the  GaAs  static  dielectric,  constant,  and  Ec  is  the 
energy  of  the  conduction  band  edge  (at  k  —  0  in  GaAs).  This  effective-mass 
state  has  a  total  wave  function  that  is  primarily  a  product  of  this  envelope 
function  and  the  periodic  part  of  a  Bloch  function  evaluated  at  the  wave- 
vector  of  the  conduction  band  minimum  [0, 10] :  it  is  made  up  primarily 
from  one  band  (the  GaAs  conduction  band,  in  this  case).  The  effective-mass 
state  is  hvdrogenie  and  virtually  100  %  hostlike.  The  impurity  level  is 
«  attached  »  to  the  conduction  band  edge  with  n  small  binding  energy  of  order 
10  lneV  (13. G  eV(m*/m0)5/e,  where  m0  is  the  free-electron  mass)  and  fol¬ 
lows  tin-  edge  when  the  edge  moves  as  a  result  of  externally  applied  pressure 
or  alloying  (<?.//.,  alloying  GaAs  with  Gal’).  The  shallow  levels  control  the 
electrical  properties  of  the  semiconductor,  and,  although  the  impurity  potential 
in  the  central  cell  often  deviates  greatly  (a  few  eV)  from  the  Coulombie  value, 
—  Ze-jer,  only  the  long-ranged  Coulombie  potential  seems  to  have  a  significant 
effect  on  the  shallow  states.  (This  should  be  bothersome,  because  central-cell 
potentials  of  order  1  eV  must  produce  some  effect  on  that  scale.)  Moreover, 
the  shallow  states  are  localized  in  7, --space  but  delocalized  in  real  space. 

The  effective-mass  theory  accounts  for  many  of  the  data  for  impurity  levels 
in  the  band  gaps  of  semiconductors:  however,  it  does  not  account  for  many 
facts,  including  the  following:  i)  some  isoeleetronio  impurities,  such  as  X 
replacing  P  in  Gap,  produce  levels  in  the  gap  despite  the  fact  that  their  valence 
differences  Z  are  zero,  and  ii)  some  levels  in  the  gap  lie  far  (more  than  0.1  cV) 
from  a  band  edge  and  are  «  deep  levels*.  Early  attempts  to  explain  these 
facts  attempted  to  modify  the  effective-mass  theory  to  produce  larger  binding 
energies. 

A  central  poim  of  the  Hjalmarson  theory  [11.3  2]  is  that  every  lieterovalent 
subsfitnt  ional  impurity  produces  built  *  deep  levels*  and  shallow  levels,  and 
that  the  « deep  levels  »  do  not  necessarily  lie  in  ilte  fundamental  band  gap,  hut 
may  be  resonant  with  the  host  bands.  The  deep  and  shallow  states  arc  two  quali¬ 
tatively  different  types  of  impurity  slate*  that  coexist,  but  arc  rarely  observed 
simultaneously.  Deep  levels  are  controlled  by  the  central-cell  potential,  have 
w;r  e  functions  that  are  linear  combinations  of  wave  functions  from  many 
(  .''  in)  host  bands,  arc  often  antiboneing  in  character  and  are  largely  liostlike. 

I  lie  deep-level  energies  arc  often  unattached  1o  nearby  hand' edges  and  do  not 
tallow  tlu-iu  when  they  move  as  a  result  of  pressure  or  alloying.  1  loop  impurity 
states  are  localized  in  real  space  and  delocalized  in  fc-spacc.  The  apparent 
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« binding  energy  »  of  a  deep  level  relative  to  a  nearby  bawl  edge  is  often  large 
(tenths  of  eV)  in  magnitude  and  can  be  negative.  When  a  deep  level  falls  in  the 
fundamental  band  gap,  it  can  trap  excitons  m*  charge  carriers.  often  enhancing 
the  nonradiatrve  recombination  of  electrons  and  holes.  Tints  deep  levels  tend 
to  influence  the  optical  properties  of  seniiccn  doctors  evet.  at  concentrations  as 
low  as  lflu/cm3. 

In  these  lectures,  we  limit  ourselves  to  levels  associated  with  .sp’-bonded 
.substitutional  impurities.  (For  discussions  of  interstitial  .vp3-bondcd  impurities 
and  transition  metal  impurities,  see  ref.  [13]  and  [14].  respectively.)  Tims,  in 
the  energy  vicinity  of  the  band  gap.  for  substitutional  impurities  in  tetrahedral 
secondnctors,  we  expect  exactly  four  deep  levels  to  originate  from  the  sp3 
bonding,  three  of  which  are  degenerate:  a  s-like  *1,  level  and  a  p-Jikc  triply 
degenerate  T,  level.  (--I,  and  1\  are  irreducible  representations  of  the  let  a- 
hedral  group  Td.)  If  these  « deep  levels  »  due  to  the  central-cell  poteuiial 
all  happen  to  lie  above  the  conduction  band  edge,  as  in  the  case  of  GaP:Sr 
(S  on  a  P  site  in  Gap),  then  the  only  levels  ill  the  gap  are  the  shallow  levels 
associated  with  the  long-ranged  Coulomb  potential — and  S  is  termed  a  shal  ow 
impurity  because  only  its  shallow  levels  arc  observed  in  the  gap.  If  one  of  the. 
deep  levels  due  to  the  central-cell  potential  falls  within  the  fundamental  band 
gap,  as  with  GaP;Or,  then  the  impurity  is  termed  >■  deep  ».  Bnt  a  central 
point  is  that  both  shallow  and  deep  levels  of  the  same  impurity  coexist  (fig.  3); 
they  are  distinct  (although  deep  levels  near  a  band  edge  may  hybridize  with 
shallow  levels).  Isoelectron ic  defects,  such  as  GaP:3sTp.  have  no  long-ranged 
Coulomb  potential  and  hence  no  shallow  levels:  all  of  their  defect  levels  (except 
possibly  levels  associated  with  a  strain  field  surrounding  them)  are  « deep  ». 

32.  Energy  scales  awl  the  nature  of  the.  theory.  -  Before  constructing  a  theory 
of  deep  impurity  levels,  one  should  first  determine  the  important  physics. 

To  begin  with,  the  bonding  in  semiconductors  is  sp3  in  character,  and  a 
proper  treatment  of  a  localized  defect  state  must  account  for  this.  The  spectral 
distribution  of  the  bonds  covers  ~  20  e Y,  the  combined  widths  of  the  valence 
bands  and  the  lowest  conduction  bands. 

The  defect  potential  in  tin-  central  eel!  can  be  crudely  estimated  as  the  de¬ 
ference  between  tbe  atomic  energies  of  tbe  defect  and  the  host  atom  if  replaces 
— and  is  typically  tureral  eledronrvlt  in  magnitude— of  order  5  eV,  7  cV  and 
to  cV  for  S,  X  and  O  (all  on  the  1*  site)  in  Gal’  nd  -1  eV  for  1‘  in  Si,  The  fact 
that  the  ecntral-ccll  defect:  potential  is  so  huge  should  be  extremely  puzzling, 
especially  in  the  ca.«*  of  tin*  shallow  donors  V  in  Si  and  S(,  in  Gal’ — because  Na¬ 
ture  requires  that  a  perturbation  of  several  elect ronvolt  exhibit  itself  on  a  scale  of 
order  of  elec: ronvolt.  and  the  shallow  impurilies  appeal*  at  first  glance  to  exhibit 
con  eqacnccs  of  tbe  central-cell  defect  potential  on  only  tin*  niillieleetrunvult 
scale.  Tbe  resolution  of  this  dilemma  lies  in  the  fact  that  the  shallow  donors 
also  product*  <<  deep  reson:,  w*t  s  quasi-localized  states  at  energies  of  order  ]  cV 
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shallow  deep 

Fig.  3.  -  Schematic  illustration  of  the  difference  between  (shallow*  and  « deep » 
^/''•■•bonded  substitutional  (donor)  impurities,  after  ref.  [3].  The  shallow  energy  levels 
in  the  band  gap  are  dashed.  The  deep  levels  of  (.'-like)  and  I'2  (p-like)  symmetry 
are  denoted  by  heavy  lines.  In  the  case  of  a  « shallow  impurity »  the  deep  levels  are 
resonances  and  lie  outside  the  fundamental  band  gap;  for  a  «  deep  impurity »  at  least 
one  deep  level  lies  within  the  gap.  The  lowest  level  is  occupied  by  the  extra  electron 
(dark  circles)  if  the  impurity  has  a  valenee  one  greater  than  the  host  atom  it  replaces 
( e.g .,  S  or  0  on  a  P  site  in  GaP). 


above  the  conduction  hand  minimum:  the*  existence  of  these  resonances  lias 
been  appreciated  only  recently.  This  notion,  that  impurities  produce  c  deep  » 
levels  above  the  conduction  band  minimum,  requires  a  new  definition  of  *  deep  ». 
The  old  definition  was  that  any  level  in  the  fundamental  band  gap  more  than 
0.1  cY  from  the  nearest  band  edge  was  <•  deep  ».  Xow.  following  Hjalm.u’sox 
ef  ttl.,  we  define  a  deep  level  as  one  whose  physics  is  controlled  by  the  cent  mi¬ 
ce])  potential;  as  a  result.  <■  deep  »  levels  now  may  have  very  small  (<  0.1  eY) 
binding  energies  (sneli  as  the  27  level  in  GaP)  or  may  lie  above  :he  conduction 
band  edge  with  «  negative  binding  energies ».  resonant  with  the  host  bands 
(«  deep  resonances  »).  They  may  also  lie  resonant  with  the  valence  bands 
(binding  energies  greater  than  the  band  gap). 

In  addii  ion  to  the  central-cell  potent  ini.  several  other  physical  <*tV.  cts  influ¬ 
ence  «l«*cp  levels  on  a  scale  of  a  few  lent  !.<  of  an  eY.  These  include  lull  i*<*  relax-, 
a*  ion  around  the  defect  (15]  and  charge  state  splitting  |.lt»,  17]  of  the  defect  levels 
(<■!!■■  the  difference  due  to  electron-electron  interactions  in  the  5>"  anil  .S~  oue- 
elcemm  energy  levels  in  fc>i).  Furthermore.  the  Ponlomh  potential  outside  the 
cent  ral  cell.  —  Ze-'rr.  is  also  of  order  uj  eY  for  »■>«,..  Ill  nnndi  of  the  work  we 
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discuss,  we  neglect  all  such  cjTccts  of  order  0.1  cV  and  concentrate  nil  prcdiel  ing 
till!  chemical  tint <lx  in  deep  energy  levels,  from  one  fmjuirit y  to  another  or 
from  one  host  to  another.  Ily  neglecting  these  effects.  we  obtain  a  very  simple 
theory  in  which  the  defect  potential  matrix  is  diagonal  (in  a  localized  basis) 
and  is  localized  to  the  central  cell  of  tin-  defect — because  of  the  scaling  rules 
of  the  Yog]  Hamiltonian. 

The  band  gap  of  a  typical  .semiconductor  is  ~  ]  eY  and  studies  of  deep  levels 
are  directed  toward  determining  tin1  levels  with  an  accuracy  of  <  ti.l  eY.  How¬ 
ever,  the  band  gap  energy  is  not  a  scale  of  physical  relevance  to  the  deep- 
impurity  problem,  because  deep  levels  (whether  «  bound  » in  t  he  gap  or  resonant ) 
are  unattached  to  hand  edges.  Instead  the  band  gap  energy  determines  tin- 
scale  of  (ibnorenbiUty  of  most  deep  levels.  A  simple  way  to  think  about  dee]) 
impurity  levels  is  that  they  lie  throughout  the  ~  2(1  eY  range  of  the  ftp3  lmnd, 
hut  that  only  the  small  fraction  of  these  levels  that  lies  within  the  «  window  » 
of  the  hand  gup  is  observable  by  conventional  means.  Hence  a  complete 
description  of  deep-level  experiments  on  the  scale  of  observability  of  dee]) 
levels  requires  a  theory  with  an  accuracy  of  0.1  eY  out  of  go  eY,  or  0.5%.  ZSTo 
contemporary  theory  is  capable  of  such  an  accuracy:  the  best  accuracy  achiev¬ 
able  is  a  few  tenths  of  an  eY.  Therefore,  the  goa.l  of  theory  should  not  be  to  pre¬ 
dict  the  absolute  energies  of  deep  levels  in  the  band  gap,  because  this  goal  is  pres¬ 
ently  unattainable.  Bather,  theories  should  be  constructed  with  the  intent  of 
simply  displaying  the  physics  of  deep  levels,  predicting  chemical  trends  in  data 
and  predicting  qualitative  phenomena — such  as  suggesting  the  conditions  under 
which  a  deep  resonance  should  descend  into  the  band  gap  and  become  a  bound 
deep  level. 

Because  of  the  intrinsic  limitations  of  contemporary  theory.  Hjalsiauson 
et  al.  constructed  a  theory  of  deep  levels  that  considered  only  the  central-cell 
impurity  potential  of  the  defect.  The  theory  can  he  and  has  been  modified 
to  include  ’..Aiee  relaxation,  charge  state  splittings  and  the  long-ranged  part 
of  the  screened  Coulomb  interaction,  but  the  requirement  of  simplicity  is  host 
met  with  the  Hjalmarson  model.  In  fact,  the  model's  predictions  have  turned 
out  to  be  in.  remarkably  good  agreement  with  the  data. 

In  1000  Lanxoo  and  Lexglakt  [1^]  predicted  the  dee])  energy  level  of  the 
diamond  vacancy  using  a  simple  tight-binding  model.  Their  approach  predicts 
dee])  levels  in  good  agreement  with  the  most  recent  calculations  f] 0-20],  and 
their  t iglit -binding  ideas  provided  an  essential  guide  for  the  development  of 
the  Hjalmarson  theory.  The  two  elements  that  are  missing  from  that  early 
work  are  i)  an  accurate  treatment  of  both  the  sps  character  of  the  chemical 
bond  and  t  he  indirect  conduction  band  structure  and  iil  a  quantitative  prescrip¬ 
tion  ft  r  predicting  the  deep  levels  of  impurities  as  well  as  vacancies,  that  is. 
a  scheme  for  determining  the  defect  potential  of  an  impurity.  (Bor  a  vacancy 
the  defect  potential  is  iiitinitely  positive,  as  shown  by  I.aXXOo  and  Lkxgi.aut, 
causing  the  defect  *atom»  to  be  decoupled  from  the  host  by  virtue,  of  ihe 
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inlinile-energy  denominators  in  perturbation  theory.)  Subsequent  tight-binding 
theories  of  dee])  impurity  levels  met  with  ranine  decrees  of  success,  but  a 
significant  improvement  occurred  as  a  result  of  flu*  work  of  Yogi  et  «/..  wliicb 
produced  the  .vpV'  Hamiltonian  with  manifest  chemical  trends  in  its  para meters 
ji ml  witli  adequate  conduction  bands. 

3'3.  Hinlmamm  theory  of  deep  Icrci-s.  -  Tlie  lljalmarson  tlieory  of  deep 
imjairity  levels  is  a  Green’s  function  theory  of  the  type  proposed  originally 
by  IvoSTKE  and  Sj.atfj;  [i!7].  The  host  Hamiltonian  matrix  H"  is  the  Yogi 
Hamiltonian,  eq.  (4).  Because  lattice  relaxation  and  changes  of  bond  length 
have  been  neglected,  the  defect  ])otential  matrix  T\  in  the  .s-pV*  basis  localized 
at  each  site,  is  zero  exee])t  at  the  impurity  site  and  is  diagonal  at  the  iin]mriiy 
site: 

(S)  (nhR\ V\)i'h'R’)  — 

Here  d  is  the  Kroneeker  delta-function  and  we  have  v  =  (1’,.  l’„.  l’„,  l*.t): 
lrs  and  r,  are  given  by  eqs.  (0),  Tlie  Hamiltonian  is 

(0)  H  =  Hu  -j-  lr . 

Because  the  defect  potential  matrix  is  localized,  a  Green's  function  method 
is  useful,  formally  to  find  the  impurity  levels  in  a  crystal  of  X  unit  cells  with 
two  atoms  per  cell  and  live  orbitals  per  atom,  one  must  solve  by  brute  force 
a  l«.*JNr  xlO-Y  matrix  equation.  With  a  Green's  function  method,  one  need  only 
solve  a  4x4  matrix:  the  size  of  the  defect  rather  than  the  size  of  the  crystal. 
In  fact,  tetrahedral  point-group  symmetry  reduces  this  4x4  matrix  to  four 
1x1  matrix  equations. 

The  Green's  function  matrix  for  the  perturbed  crystal  is 
(lb  i  0(E)  —  (E  —  H)~x 

and  is  related  to  the  unperturbed  Green's  function 

(J 1 )  G"(E)  =  (E  -  H'T1  =  2  I &/.;>(£  -  Ek.)-'  </.•;. I 

by  Hyson's  equation 

(Id)  0  —  (!"  -  -  <!"YQ  . 

( Yerify  this  by  mull ijdying  on  the  left  by  E  —  JI"  and  on  the  right  by  E  —  11.) 
Tin*  formal  solution  of  Hyson's  equation  is  (be  matrix 

(id)  a  1 1  —  (/"  i’]-1  o" . 
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which  1ms  nontrivial  solutions  at  tin-  energies  determined  by  tin*  secular  equation 
(14)  dot  (1-  6-1']  =  li  . 

Taking  matrix  dements  of  t lie  secular  equation  in  the  \nbll)  basis,  we  iiml  tin* 
eigenvalue  equations  for  the  deep-level  energy  E 

(in)  T71  =  {»D\(rytD)  =  p  3  !(*jd  [E  -  Ek  j 

To. 

and 

(.10)  F;1  =  (p,D\G*]prD) . 

liewriting  those  results  in  terms  ot  the  local  host  s]H*efral  densities  Dd%(E") 
and  JD^E'),  we  have  [28] 

05 

(17)  7-  =  Pj \lE:jD°Ai{E')l[E  -  E’l 

—CO 

and 

CO 

(is)  f;1  =  pjdP'PJjP')/^  -  £'] 

—to 

with 

(19)  D°n(E  )  =  (j!Di«3(P  -  fl»)|«D)  =  T  |(wD;fc/.>|*dtP'-  Eu) . 

kX 

To  see  how  these  results,  eys.  (17)  and  (18).  are  obtained  more  directly, 
it  is  useful  to  take  matrix  elements  of  Dyson’s  equation  (12)  in  the  \iilR)  basis 
and  to  consider  the  impurity  site  bR  =  D ;  we  have 

(20)  {nD’G'.n'D)  =  («D:<?"|«,JD)  -f  2  ()iD\G0\vD)vv{rD\G\,i; D} . 

V 

where  u.  » '  and  v  range  over  *.  pf.  pv  and  p..  Because  77<‘  is  invariant  under  the 
operations  of  the  tetrahedral  point  group  Td.  H°  and  . E  —  H")~l  are  invariant 
operators.  Since  the  .--state  transforms  according  to  the  .i,  irreducible  repre¬ 
sentation  of  Tt  and  the  ^-states  transform  according  to  the  x.  //  and  ~  rows 
of  the  T„  representation,  (nD  D)  is  diagonal  in  u  and  eqs.  (17)  and  (IS) 
follow. 

The  energy  E  is  always  to  he  interpreted  as  having  an  inlinitesimal  positive 
imaginary  part  /O;  this  gives  the  correct  'boundary  i  ■•uditioiis  for  the  Green's 
function.  Heeanse  of  this  and  the  identity  (./•  /o)~:  —  P(1  /.()  —  7rrh(.c),  we 

liave  [28] 

G(E)  =  P(E  -  JJ)-1  -  inME  -  IS)  . 

where  P  denotes  a  priori]  ,il  value  and  »)(.«•)  is  Dime's  delta-function. 
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liquations  (17)  and  (IS)  are  tin*  central  equations  of  the  lljuhiinrsoi)  theory. 
To  solve  them,  one  needs  to  first  evaluate  the  spectral  densities  IF(Jf')  for  tin- 
host.  When  the  Hamiltonian  11 0  is  diagonalized  to  tind  the  eigenva lues  Ek}. 
the  overlap  integrals  (nbk\k/.'>  are  the  components  of  the  normalized  eigen¬ 
vectors.  In  terms  of  these  quantities,  we  have 

(vbR\k/.y  =  K-h  exp  [ik-(R  +  v0)](ubk\k/.}  . 

lienee  wc-  have 

1Y(E)  =  2T-«  T  \(vhk\k/.y\-d(ll  -  Ek>)  , 

k). 

which  cun  be  summed  either  using  the  Lehmann-Taut  method  [20]  or  (for  the 
deep-level  energy  E  in  the  fundamental  band  gap)  using  the  special-point 
method  [3d]. 

In  practice,  the  deep  levels  (1')  and  2J,  (1*)  are  calculated  by  eonqmting 
Hie  functions  1  '(JE^)  and  V^(ETJ  as  follows:  i)  a  value  of  E  is  selected,  ii)  tin- 
spectral  densities  I)°(E')  are  evaluated,  i ii )  the  right-hand  sides  of  eqs.  (17) 
and  (18)  are  evaluated,  and  iv)  V,  and  F„  are  determined  from  those  equations. 
Plots  of  E  vs.  F  for  Al  and  T,  states  then  give  predictions  of  deep  levels  vs. 
defect  atomic  energy  (see  eqs.  (6)).  The  vacancy  levels  are  the  asymptotes 
U(F-^-co)  of  these  curves. 

Problem  4.  Compute  Y(E)  for  energies  E  outside  tin-  host  band,  in  the  case 
of  a  defect  in  a  one-dimensional  nearest-neighbor  tight-binding  crystal.  (Hint: 
E*~  4-1!  +|2?  -f  1)(I?|],  F  —  KP)(E\.  Compute  the  band  struc¬ 

ture  L\.  Tli on  compute  (E\G°[R')  =  K-1  2  (E  -  E,)~'  exp  [/7,-[J?  -  I?’]].  To 

i* 

evaluate  (I?|G"|I?')  =  (11  —  72'j(?°jO)  analytically  for  energies  outside  of  tlie  band, 
use  a  contour  integral  over  the  unit  circle.)  Repeat  tin’s  calenlation  for  the 
defects  on  the  P  site  in  GaP,  using  first  one  special  point  [30]  and  then  ten 
special  points  to  evaluate  tli©  sums  over  k.  You  will  obtain  good  results 
with  ten  special  points. 


4.  -  Qualitative  physics. 

The  qualitative  physics  determining  deep  levels  is  depicted  for  the  ease 
of  (laP:X,.  in  fig.  J.  after  |l.l].  In  this  figure  we  consider,  for  simplicity,  only 
the  .-.-states  of  the  alums  (and  tin-  .4 ,-sy linnet rie  defect  level)  and  Hole  that 
the  Ga  aton, -c  energy  ?(.a  lies  above  the  P  energy  f,,.  When  those  two  widely 
separal  <-d  atoms  are  brought  together  into  a  molecule,  the  levels  l-cpo] — result  ing 
in  a  biindiiig-antiboudiiig  splitting  that,  in  lowest  order  of  perturbation  theory 
about  tin-  infinite-lattice-coiistaiit  limit,  is  pro]« u-tioir.il  to  where 


478 


.mux  i>.  now 


r  is  11m*  Ga-to-P  transfer  matrix  <*It*iu«*nt  (and  is  about  lli<*  sum**  for  all  semi¬ 
conductors  |7]).  Tin*  important  imiut  is  that  t Ik*  bonding-ant [bonding  splitting 
is  inversely  proportional  to  tin*  energy  denominator  F(Jii  —  ev.  When  those 
molecules  are  brought  together  into  a  solid,  tin*  antibonding  states  ]n*odiioe 
the  conduction  band  and  t  In-  bonding  states  yield  the  valence  band,  with  the 
fundamental  band  gap  in  between. 


atom  molecule  solid  aefect ", molecule “ 

Fig.  4.  -  Schematic  illustration  of  the  qualitative  physics  governing  deep  levels, 
after  ref.  [3,  11].  See  text. 

Xow  imagine  a  « defect  molecule*  with  a  17  impurity  replacing  one  of  the 
P  atoms.  Its  atomic  energy  is  —  ”  oV  lower  than  that  of  P,  and  so.  when  it 
interacts  with  a  Ga  atom  to  form  a  molecule,  the  resulting  bonding-antibonding 
splitting  is  smaller  than  for  Ga  and  P.  because  tin*  energy  denominator  £Uil  —  ex 
is  cs  7  eV  larger  than  the  denominator  e0a  —  ep.  As  a  result,  the  level  in  the 
gap  (the  deep  level)  can  lie  below  tin*  conduction  band  edge  in  the  ga]).  In 
fact.  tig.  4  illustrates  that  the  issue  of  whether  a  deep  level  is  «  bound  » in  the 
gap  or  « resonant  »  with  the  host  bands  depends  primarily  on  whether  the 
burnt--  are  broad  enough  to  cover  up  the  deep  level:  that  is,  it  depends  on  the 
nmotiM  of  bonding-ant  [bonding  splitting. 

Several  features  of  tig.  4  are  worthy  of  special  mention:  i)  The  27  deep  b-vel 
is  derived  from  the  Ga  dangling-bond  energy  eClt  and  is  nnlibonding  and  //*  :H;r 
(Ga-like).  not  impuritylike  (27-like).  The  X-likc  level  is  the  bonding  Iiiijkm'itji 
h-n-l  lying  below  (be  valence  band:  it  is  eject riealJy  inactive,  being  full  of  el*  <•- 
trons.  and  is  normally  unobserved,  ii)  Tbe  deep  level  is  orthogonal  to  the 
hyperdeep  level,  iii)  The  deep  level  is  repelled  upward  by  the  hyperdeep  level 
by  means  of  tin*  bunding-ant  ibonding  level  repulsion,  iv)  The  deep  level  is 
*  pinned  »  to  the  Ga  dangling-bond  level  and  cannot  In*  pulled  below  it:  Imagine 
decreasing  the  energy  of  the  X  level  relative  to  fj.frolu  ~  —  7  eVto  ~  —  1  ~>  eV 


47‘J 


i.ocai.izi:i>  I'KisrriiUATii'xs  ix  SKMieox-nrcToiiS 

(oxygen)  aiul  then  to  ~  —  lonoeY  {an  ideal  vacancy):  tin*  deep-level  energy 
will  move  down  only  slightly,  never  heroming  deeper  than  the  Ga  dangling 
bond  or  ideal  1*  vacancy  eneryy  of  r(.a .  This  is  the  nieaniny  of  « deep-Jcvcl 
pinning  m  Jifnjur  rlnuiijcs  in  lh<  ilcf.p-lercl  poloitiel  rrsull  in  only  minor  elmvycx  of 
lla  tht/i-lrcii  i.  tv///,  or  jdJi/d  1'  .1. 

The  deep-level  jiinniny  can  lie  illustrated  by  plot  liny  the  deep  level  in  the 
yap  rtt.  the  defect  potential  T.  which  (according  to  the  Yogi  model's  sealing 
miles)  is  proportional  to  the  difference  in  atomic  energies  of  the  defect  and  the 
host  (T  atom).  This  is  done  in  iiy.  5  for  the  x-like  .-i,  stall's  of  defeels  substi¬ 
tuting  for  r  in  GaP.  The  curve  E{ T)  is  similar  to  a  hyperbola,  having  the  energy 
of  a  Ga  dangling  bond  or  a  P  vacancy  as  its  asymptote.  One  can  see  that 
£(Y—  co)  corresponds  to  a  vacancy,  because,  as  the  magnitude  of  the  <1cf<ct 
potential  increases,  the  defect  atom  bceonus  less  and  less  coupled  to  the  host 
(recall  that  m  porturhnt ion  theory  the  eoujiliny  is  inversely  proportional  to 
an  energy  denominator  of  order  V)  until  for  l'  =  co  the  defect  is  totally  un¬ 
coupled,  namely  a  vacancy  |!d].  Once  one  recognizes  that  the  p’  /sics  of  dee]) 
levels  results  in  a  hyperbola  like  curve  JitT),  the  problem  of  predicting  deep 
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Fig.  5.  -  Energy  levels  in  the  hand  yap.  ns  calculated  by  I!  jaI..mai:sox  cl  til.  [11], 
ex.  defect  potential  for  .1,  symmetric  stales  of  defects  on  the  P  site  in  GaP,  after 
ref.  [.'!].  Vote  that,  if  the  theory  i~  taken  literally  with  ;  o  allowances  for  a  theoretical 
utte-ci  tainty.  the  S  delect  is  predict  i-d  to  have  n  deep  level  in  the  yap.  just  slightly 
below  the  eoudtie.  ion  hand  edge.  Experimentally  it  is  known  that  S  is  a  shallow  donor; 
lienee,  one  must  make  allowances  for  the  uncertainty  in  tie-  theory  and  recognize  that 
in  fact  the  deep  level  for  ts  must  lie  slightly  above  the  eonduct  ion  band  minimum  in  GaP. 
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levels  reduces  to  predicting  two  numbers:  tbe  ideal-vacancy  energy  E( oo)  and 
1  he  tiiresliold  potential  1'T  ah  which  1.1m  resonant  deep  level  passes  into  the  gap 
and  ceases  being  a  resonance. 

Figure  C  illustrates  very  schematically  the  wave  functions  of  deep  levels, 
using  only  -v-states,  for  simplicity.  The  host  valence  band  of  Gal’  lias  a  bonding 
wave  function  that  is  largely  P-like,  but  with  a  significant!-  Ga-like  component. 


b ) 


Fig.  C.  -  Schematic  illustration  of  the  ware  functions  in  the  (bonding,  a))  valence 
and  (antibonding.  fr))  conduction  bands  of  Gal’ (using  a  Estate  model)  and  in  the  bonding 
{liyjierdcep)  and  autibouding  (deep)  levels  of  X  on  a  1’  site  in  Gal’,  after  ref.  [8]. 

When  1ST  replaces  P,  IT  is  more  electronegative  and  attracts  electrons  to  it. 
As  a  result,  the  bonding  liyperdecp  level  has  a  wave  function  that  is  overwhelm¬ 
ingly  X-likc.  with  just  a  small  Ga  component.  The  antibonding  deep  level 
is  orthogonal  to  the  liyperdecp  level,  and  so  has  a  wave  function  that  is  almost 
exclusively  Ga-like,  with  only  a  small  X  component. 

All  of  these  ideas  have  been  abstracted  from  the  Hjalmnrsoh  ei  ah  theory. 


5.  -  Evidence  supporting  the  theory. 

The  theory  of  Ujalmnr  ->n  rf  id.  |n,.1l']  has  made  literally  thousands  of 
predictions  of  deep  levels  and  cm  account  for  an  extremely  large  body  of  data. 
Here  we  review  a  few  represent  a  live  predictions  of  (he  Iheorv. 
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5*1.  ir«tr  fuiielionit.  -  Figure  7  shows  tin*  mairnil ude  of  the  deep-level  wave 
function  of  substitutional  S*  in  Si.  as  a  function  of  distance  R  from  the  S  center, 
in  coinjiarison  wit li  electron  unclear  double  resonance  (F27DOK)  data  [31,82], 
The  F2\T)()T!  measurements  give  tlie  charge  density  )y>{ J*) |-  al  Si  sites  adjacent 
to  and  nearby  the  S  defect.  The  data  do  not  reveal  the  phase  of  tin-  wave 
function,  and  so  we  have  plotted  only  the  magnitude,  even  though  the  wave 
function  itself  oscillates  rather  vapidly.  Xotc  that  the  simple  Hjalmnrson 
theory  is  in  excellent  agreement  with  t  he  data,  for  distances  11  out  to  the  sixth 
nearest-neighbor  shed.  Beyond  this  distance,  the  eJTeetive-mass  wave  function 
(which  fails  badly  for  small  R)  describes  tlie  data  well — indicating  that  the 
present  theory  would  have  been  in  even  more  dramatic  agreement  with  the 
data  if  a  Coulomb  tail,  —  r:/cr  for  r  >  aL,  had  been  added  to  the  defect  potential. 
This  success  is  by  no  means  trivially  obtained,  since  some  theories  predict 
quite  inaccurate  wave  functions  for  the  S~  deep  level  [31 , 33], 


Fig.  7.  -  The  magnitude  of  the  isotropic  part  of  the  wave  function  of  a  S+  impurity 
in  Si,  as  a  function  of  tlie  distance  J!  (in  A)  front  tlie  impurity  site,  after  ref.  [31], 
The  solid  Triangles  and  circles  arc  derived  from  EXP O];  data  of  ref.  [32] :  the  open 
1  ria  agios  and  circles  are  tlie  calculat  i*>ns  of  ref.  [31],  KlTeetive-inass  theory  is  denoted 
by  lit'-  dashed  line,  and  open  squares.  The.  -:'s  arc.  the  theory  discussed  in  ref.  1 33], 


5*2.  J.hrp  larrl.f  in  j  I-Vl  foi,ipnuml  »rmicini<luciiirn.  -  T1  <•  sot  i  of  predictions 
the  theory  produces  are  illustrated  in  tig.  .s,  where  the  levels  associated  with 
eoliimn  V  defects  on  a  S  site  in  CdS  tire  given.  These  impurities,  which  one 
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might  naively  expect  to  be  shallow  acceptors,  are.  with  the  exception  of  X, 
deep  levels  predicted  to  lie  well  within  the  band  gap  ol'  fdS.  This  is  undoubt¬ 
edly  one  reason  (but  not  the  only  reason)  why  t'ds  and  many  other  1J-YJ 
materials  cannot  be  dop  -d  p-typo — the  exported  shallow  acceptors  are,  in  fact, 
dee]).  The  exception  to  this  rule  is  X,  which  is  predicted  to  yield  no  dee])  level.-, 
in  the  gap  and  to  be  a  shallow  acceptor  level.  Interest ’ugly  enough,  in  ZnSe 
(another  JI-VI  host),  AVv  cl  ah  [3-1]  have  ion-implanted  X,  to  find  that  it  does 
produce  si  shallow  acceptor  level — sis  predicted  by  Koeayasiii  ct  ah  [35], 


conduction  band 


enerffv 


X 


As 


Bi 


valence  _ _ 

band  shallow  deep 

Fig.  8.  -  Theoretical  predictions  of  ref.  [30]  showing  that  the  expected  standard 
p-type  shallow  dopants,  except  X,  on  the  S  site  in  CdS  produce  deep  levels  in  the 
gap,  after  ref.  [3]. 


5‘3.  Savhcy's  theory  of  paired  defects.  -  Sakicet  ct  ah  [30]  have  extended 
the  theory  of  deep  levels  .associated  with  substitutional  point  defects  to  pairs 
of  sp-’-bonded  substitut  ional  defects — with  physically  transparent  results.  The 
paired  defect  i  a  «  molecule  »  that  has  «  molecular  orbitals  »  corresponding  to 
rt-like  (or  c- symmetric)  states  and  cr-like  (or  « .-symmetric)  states  (see  fig.  9). 
The  relevain  amir)  ,-r-like  molecular  orbitals  are  composed  of  7'.  single-defect 
orbitals  polarized  perpendi-ular  to  the  spine  of  the  molecule  and  liav  the  same 
energies  as  the  single-defect  p-liko  7h  states.  The  two  p-like  7\  stales  of  the 
single  defect  that  arc  polarized  parallel  to  the  spine  of  the  molecule  hybridize 


Fig.  9.  -  Schematic  illustration  of  the  ar-like  c-syinnici :i<-  mob  alar  orbitals  and  the 
<7-likc  iij  states  of  a  defect  pair.  The  dins  indicate  dcf'-cis.  ratios  denote  s-slates, 
and  propellers  denote  p-stmes,  after  ref.  [3], 
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with  tlic  two  .v-like  At  slut  os  centered  on  tin*  dilVeronl  detects  to  form  a-like 
f-symniel.no  molecular  states.  In  cont  rust  with  the  rr-like  states,  these  hybridiz¬ 
ing  a-like  states  are  siguitieantly  perturbed  hy  t lie  presence  of  the  second  defect . 
Their  energies,  however,  obey  an  approximate  interlacing  theorem,  which 
requires  that  the  «  molecular  »  lev<-]s  interlace  the  <>  atomic  »  A,  and  T..  levels. 
(I recall  that  the  p-like  T,.  isolated-defect  level  decomposes  into  a  a-like  a, 
molecular  level  polarized  along  the  molecular  spine  plus  two  rr-like  /-levels, 
lienee  both  A,  ami  T.,  isolated-defect  levels  produce  the  same  unilocular 
symnmtrv  a-like  states  of  the  pair.  The  interlacing  theorem  states  that  levels 
of  the  same  symmetry,  namely  when  perturbed,  do  not,  cross  tin*  unperturbed 
levels.)  Because,  of  this  interlacing  theorem,  it  is  often  possible  to  estimate  the 
energies  of  the  paired-defect  levels  relative  to  the  isolated-defect  levels  to 
within  a  few  tenths  of  an  oV — without  executing  a  calculation. 

Saxkky  has  developed  ihese  ideas  and  applied  them  to  the  nearest -neighbor 
(spectator,  oxygen)  pairs  in  Gal’  (tig.  1 0).  He  has  shown  that  the  isolated  oxygen 


Fig.  ]o.  -  Trends  in  the  energy  levels  for  nearest -neighbor  paired  complexes  of  a 
spectator  impurity  on  a  (hi  site  and  an  U  defect,  on  a  F  site  in  Gal’,  after  ref.  [30]. 
The  dots  are  data,  and  the  spectator  atoms  label  the  abscissa. 
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level  (i.e.  tlit*  (Ga.  O)  pair)  cannot  be  driven  into  the  conduction  band  by  any 
electropositive  defeet  on  an  adjaeent  ration  site,  but  that  it  ran  be  driven 
into  the  valence  band  by  any  one  of  the  following  impurities  on  a  neighboring 
Ga  site:  P,  0,  Cl.  Br,  Jv.  S,  Se,  or  I. 

5*4.  Surface  defect *  and  Scltottky-barricr  height*. 

5*4.3.  Core  exeitons  at  surfaces.  Some  of  the  best  evidence  sup¬ 
porting  the  theory  comes  from  core  exeiton  experiments,  because,  by  the  optical 
alchemy  approximation  or  Z  +  3  rule  [37],  a  core  exeiton  is  identical  to  an 
impurity  atom  [38]:  for  example,  core-excited  Ga  is  Ga  plus  a  core  hole  plus 
an  electron  and  (because  the  core  hole  has  almost  the  same  charge  distribution 
as  a  proton)  is  virtually  identical  to  unexcited  Ge,  the  atom  immediately  to 


A)  B ) 


Fig.  11.  -  Comparison  of  A )  experiment  and  B)  theory  for  Ga  site  (110)  surface  core 
exeitons  in  a)  GaAs,  h)  GaSb  and  <■)  Gal’,  after  ref.  [iiil].  B,  and  Ec  denote  valence, 
and  conduction  band  edges.  The  propeller  denotes  the  con  exeiton  level.  The  hori¬ 
zontal  lines  denote  the  lower  portion  of  the  intrinsic  surface  state  bands.  The  theoretical 
band  gaps  arc  appropriate  for  4  K,  and  hence  are  larger  than  the  experimental  gaps 
obtained  at  room  temperature. 
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its  rijrlit  in  tin*  periodic  table.  Tims  core-excited  Ga  is  a  Gt*  impurity  and  corc- 
exeitcd  In  is  J511.  Figures  .11  and  1  -  show  tliat  Hit*  predicted  spectra  for  eore- 
exeited  Ga  at  the  (lid;  surface  of  Ga-gmup  V  compounds  and  for  excited  in 
at  tlie  surface  of  In-group  V  semiconductors  account  for  the  data  for  core 


Fig.  12.  -  Comparison  of  .1)  experiment  and  !>’)  theory  for  the  In  site  (110)  surface 
core  exeitons  in  o)  InAs,  b)  IuSL  and  c)  Ini’,  after  ref.  [39]. 


exeitons  at  the  relaxed  (110)  surfaces  of  those  materials  [39].  The  theory 
also  predicts  a  transition  from  shallow  effective-mass  cxeiton  behavior  to 
deep  exciton  behavior  for  tin*  Si  '2p  core  exciton  in  Si1Ge1_I  alloys.  Evidence 
of  this  has  been  reported  very  recently  by  BrxivETi  cl  a  I  [3S]. 

5  1.2.  Dcfecls  at  surfaces.  An  impurity  al  a  surface  has  energy  levels 
very  similar  to  those  of  an  (impurity,  meaner)  J >;  ir,  because  the  surface  (in  a 
nearest -neighbor  tight-binding  model)  can  be  created  by  inserting  a  sheet  of 
vacancies  into  the  hulk,  so  that  the  impurity  and  the  vacancy  le  vl  to  it  form 
a  pair  whose  energy  levels  are  only  slightly  perturbed  by  the  more  distant 
vacancies  of  the  sheet.  To  he  sure,  one  must  account  for  lattice  relaxation  at 
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till!  surface;  nevertheless,  t lie  essential  qualitative  physics  oi'  defects  at  surface* 
is  the  same  as  for  (defect,  vacancy)  pairs.  Therefore,  tin*  <leO]>  levels  of  surface 
defects  can  lie  computed  using  <*q.  (14).  and  the  basic  ideas  used  for  deep  levels 
associated  with  substitutional  defects  carry  over  to  the  surface  defect  problem, 
where  the  secular  equation  is  formally  the  same  as  eq.  (3Ji.  but  its  evalu¬ 
ation  is  considerably  more  complicated  due  to  (be  reduced  symmetry  of  the 
defect. 

One  point  that  should  Ik  emphasized  is  that  a  surface  is  a  la  rye  perturbation, 
and  the  deep  levels  associated  with  a  surface  impnriti /  arc  likely  /«  lie  seccral 
tenths  of  an  eV  distant  from  the  correspond  in  g  hulk  impurity  terete.  Indeed  the 
number  of  deep  levels  bound  in  the  gap  may  be  different  for  a  surface  defect 
from  the  number  for  the  same  defect  in  the  bulk.  In  particular,  impurities 
that,  are  «  shallow  »  in  the  hulk  often  produce  one,  or  even  two,  deep  levels  in 
the  gap  when  they  reside  at  the  surface.  For  example,  a  nearest  -neighbor 
pair  of  P  impurities  in  Si  is  predicted  to  produce  a  deep  level,  although  isolated  P 
is  a  classic  shallow  donor  [36]. 

5‘4.3.  Schottky-barrier  heights. 

5'4.3.1.  Bardeen’s  model  of  Fermi-level  pinning.  In  1947  BaitDEEX  [40] 
proposed  that  the  Schottky  barriers  that  occur  at  metal/semiconductor  inter¬ 
faces  are  due  to  Fermi-level  pinning  by  states  at  the  interface.  Stated  simply 


semiconductor' 

n-type 


metal 


surface 


Pig.  13.  -  Schematic  illustration  of  baud  bending  and  .Schottky-barrier  formation  in 
the  Bardeen  model,  after  ref.  [3j. 
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for  a  degenerate  »?-type  semiconductor,  the  Fermi  levels  of  the  bulk  semicon¬ 
ductor,  the  metal  and  the  semiconductor  siirfaee  align  in  electronic  equilibrium. 
At  zero  temperature,  the  Fermi  level  of  the  semieonduetor  surface  is  ihc  level 
into  which  the  next:  electron  falls,  and,  if  this  is  a  hound  deep  level  in  the  gap 
associated  wit  h  a. surface  defect,  charge  will  flow  and  the  host  energy  hands  will 
bend  until  this  level  aligns  with  the  Fermi  level  of  the  bulk  semiconductor 
(fig.  13).  This  causes  a  Krhottky  barrier  to  form. 

5'4.3.2.  Spicer's  native-defeet  model.  SpiCElt  and  co-workers  [41]  liave 
championed  the  notion  that  the  Bardeen  states  responsible  for  Fermi-level 
pinning  of  III-Y  semiconductors  are  deep  levels  associated  with  native  surface 
defects.  In  this  model,  the  Scbottky-barrier  height  for  »-type  material  is  the 
binding  energy  of  the  surface  deep  level  with  respect  to  the  conduction  band 
edge  (see  fig.  13). 

5'4.3.3.  Allen’s  theory  of  Schottky-barrier  heights  in  III-Y  semiconductors. 
Allex  ci  ah  [42,  43]  have  calculated  the  binding  energies  of  deep  levels  produced 
by  various  defects,  native  antisite  defects  in  particular,  at  the  (110)  surfaces 
of  III-Y  compounds  and  ternary  III-Y  alloys.  This  approach  followed  an 
earlier  suggestion  by  Daw  ct  ah  [44]  that  Fermi-level  pinning  by  deep  levels 
associated  with  surface  vacancies  might  account  for  many  Scbottky-barrier 


Fig.  14,  -  Predicted  and  observed  Schottky-barrier  heights  in  III-Y  alloys  vs.  alloy 

composition,  after  ref.  [46]:  -  theory  (GnAs), - experiment  (An).  The  theory 

assumes  Fermi-level  pinning  by  a  cation  on  an  anion  site  at  the  Au/semicondnctor 
contact. 

In  'ght  data.  Tlie  results  of  Allen's  calculations  for  deep  levels  associated  with 
surface  eation-on-anion-site  impurities  [43,  40]  are  given  in  tig.  14,  where  they 
are  in  remarkable  agreement  with  the  data.  This- simple  theory,  which  has 
been  discussed  in  detail  alsewhere  |4’>J,  is  capable  of  explaining  un  uerous 
once-puzzling  experimental  facts.  Fermi-level  pinning  by  aniisitc  defects  ac¬ 
counts  for  the  Sihottky  barriers  between  nonreactive  metals  and  most  IIJ-Y 
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semiconductors.  Dandling  bonds  or  extrinsic  defects  become  import  an  I  when 
reactive  metals  or  special  surface  preparations  are  involved  ;43],  Saxkky 
H  til.  [47]  have  shown  reeonily  that  Bardeen's  ideas  can  he  applied  to  Si  as 
well  as  to  the  III-Y’s:  Selmt tky-barricr  data  for  Ki/tra  unit  ion  metal  silieide 
interfaces  can  be  understood  in  terms  of  Fermi-level  pinning  by  interfaeial 
dangling  bonds.  Thi-  work  unifies  the  understanding  of  Schot tky-harrier 
heights  of  III-Y  semiconductors  and  Si  and  also  explain.'  why  free-surface 
calculations  give  good  estimates  of  the  Fermi-level  pinning  positions  of  intcr- 
i'acial  defects.  Hence  it  appears  likely  that  the  Schottky  barriers  on  the  common 
semiconductors  have  heights  determined  by  surface  deep  levels  (most  associated 
with  various  native  defects). 

5*5.  Intrinsic  surface  states.  -  In  a  nearest-neighbor  tight-binding  model, 
a  simple  way  to  create  a  surface  is  to  insert  a  sheet  of  vacancies  into  a  hulk 
semiconductor.  The  deep  levels  associated  with  this  sheet  defect  are  surface 
states.  Therefore,  the  basic  theoretical  approach  to  the  deep-level  problem 
applies  to  predicting  surface  states  as  well.  There  are.  of  course,  many  technical 
problems  associated  with  efficiently  solving  the  secular  equation  (14)  for  surface 
states  at  relaxed  and  reconstructed  surfaces.  Those  difficulties  are  beyond  the 


Fig,  15.  -  Surface  state  dispersion  relations  as  incasn;- d  [49]  and  predicted  [4S-50] 

for  InP,  after  ref.  [49]  and  [3]: - self-consisiem  pseudopotenrial. - tight 

binding,  •  data. 


scope  of  tile  present  work  11")].  Nevertheless,  rah-ulat  ions  of  intrinsic  surface  state 
dispersion  curves  have  been  executed  based  on  this  model  1 18].  T\ph*a)  results 
are  given  in  tig.  la  for  tin-  relaxed  (.1  10)  surface  of  lit]’  |4!I'J.  As  with  the  pre¬ 
dictions  of  deep  levels  associated  with  point  defects,  the  surface  state  predic¬ 
tions  are  comparably  accurate  with  tin-  host  local-density  theories  [49.  aO'J. 
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ft.  -  Melastaldc  alloys. 

Tin-  ideas  develop'd  for  treating  lisuid  structures  and  impurity  levels  can 
lie  applied  to  treating  large  conceal  rations  of  « impurities  »  and  to  predicting 
]diase  transitions  in  alloys.  Decently  Gjieexk  ei  al.  [51]  have  grown  inetaslable, 
snstitutional,  crystalline  (GaAs)]_/>eSx  and  (GaSb^Ge,,,.  alloys,  even  though 
the  constituents,  GaAs  and  Go  or  GaSb  and  Ge,  are  immiscible  at  equilibrium. 
The  (GaA.s)j_xGe2J  alloys  exhibit  a  V-shaped  bowing  of  the  fundamental  band 
gap  as  a  function  of  alloy  composition  x  (fig.  16).  This  bowing  cannot  be 


Fig.  10.  -  Direct  energy  gap  of  (GuAsh-^Gc**  alloys  vs.  alloy  composition  *,  after 
ref.  rr»3].  The  dashed  line  represents  the  ordinary  virtual-crystal  approximation;  the. 
solid  line  represents  tile  theory  of  ref.  [52.  531.  The  data  are  indicated  by  circles.  The 
theory  uses  parameters  appropriate  io  4  K,  whereas  the  data  are  for  room  temperature 
(at  which  the  baud  gaps  are  different). 


explained  by  the  conventional  virtual-crystal  approximation,  which  assumes 
that  each  alloy  is  a  crystal  whose  fight  •binding  para  meters  art*  interpolated 
bid  ween  those  of  GaAs  and  Ge.  Znewaiax  <t  <tl.  [5U,  58]  have  shown  that  the 
Y-shaped  bowing  is  due  to  an  order-disorder  transition  lad  ween  a  z  incidence 
a i:d  a  diamond  phase  (see  tig.  .17). 

In  modeling  the  phase  transition  in  tlnsse  alloys,  Xkwjiax  was  faced  with 
data  that  required  a  reasonably  accurate  theory  of  electronic  structure  valid 
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®-Ga  0As  0Ge 

Fie.  17,  -  A  schematic  model  of  the  phases  of  (GaAs)1_a.6ejit,  after  ref .  [52,  33] : 
a)  the  GaAs  (ordered)  zinebloide  phase,  b)  the  Ge  (disordered)  diamond  phase,  c)  the 
GaAs-rich  ordered  zincbleude  phase  of  the  alloy  and  d)  the  Ge-rich  disordered  diamond 
phase  of  the  alloy.  In  the  lowered  phase,  the  great  majority  ol'  Ga  atoms  occupy 
nominal  Ga  sites,  hut  in  the  disordered  phase  Ga  atoms  show  no  site  preference. 


in  Goth  tin*  ordered  ziucbJonde  and  the  disordered  diamond  phases.  Yet  few 
theories  are  capable  of  accurately  t renting  lmtli  a  pliase  transition  and  electronic 
structure.  Sjswmax  circumvented  this  problem  by  adopting  a  t  wo-Hainiltonian 
inode]. 

The  first  Hamiltonian  involves  a  pseudospin  formalism,  in  whieli  occupation 
of  a  site  R  by  Ga.  As.  or  G<*  is  represented  by  a  pseudospin  #R  that  is  *  up » 
( — .1),  «  downs  (—1).  or  *  zero  »  (il): 


H  —  2,  [•■/  •sn  ‘<ic  —  h  d'j.  —  T  [/!•"«  —  JiS'it] . 


tt  jf 
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Here  J,  J\,  h  jj ml  A  ;ir{*  ] >;» ra  J net  its  defined  in  ref.  1 52],  and  Jt  ami  R'  are 
ncaresl -neighbor  sites.  Jn  this  pseudospin  language,  crystalline  GaAs  is  a 
« psendoantiferroniagnet  »,  because  altcrnal ing  sites  are  occupied  by  Ga  (« up  ») 
and  As  {«  down  ») :  t lie  Ge  atoms  («  spin  zero  »)  dilute  tin*  «  anlifcrromagnet ism  ». 
Tin*  *  spin-spin  »  interaction  between  nearest  neighbors  causes  As  atoms  to 
preferentially  surround  Ga  and  discourages  the  formation  of  clusters  of  only 
Ga  or  only  As.  Details  of  the  Hamiltonian,  which  is  similar  to  the  Illume, 
Emery,  Griffiths  Hamiltonian  [f»J]  for  ®He-4Ee  solutions,  arc  given  in  ref.  [52]. 
XiAOtAN  solved  this  Hamiltonian,  in  a  mean-held  approximation,  to  obtain 
the  equation  for  the  order  parameter  ill (.r,  .rc) : 

H/(J-.r)  =  tgh[Jf/(l-.rc)]. 

Hero  rv  is  the  alloy  composition  at  vltich  the  minimum  band  gap  is  observed. 
0.3  for  (GaAsh^Ge,,.  The  order  parameter  i.<  related  to  the  probability  that 
a  Ga  atom  will  lie  found  oil  a  nominal  cation  site  of  an  imagined  zincblciidc 
lattice;  if  this  probability  is  the  same  as  that  for  finding  Ga  on  a  nominal  anion 
site,  then  the  crystal  structure  is  «  diamond  »  and  not  « zinoblemlc  ».  That  is. 
the  alloy  is  «  disordered ». 

The  second  Hamiltonian  is  the-  Vogl  empirical  tight-binding  thcor>-,  but 
with  the  alloy’s  parameters  determined  by  a  new  virtual-crystal  approximation 
that  depends  on  the  order  parameter  of  the  first  Hamiltonian:  The  diagonal 
matrix  elements  are  interpolated  assuming,  for  example,  that  the  average  cation 
is  [(1—  x  -f  JU)/2]  Ga  -j-  [(1  —  if  —  Jl/)/2]  As  [.r]Ge.  The  energy  band  struc¬ 
ture  computed  using  t  his  model  yields  a  direct  hand  gap  Eu{r)  n\  alloy  com¬ 
position  ,r  (fig.  1C)  and  explains  the  observed  Y-shaped  bowing. 


7.  -  Summary. 

In  summary,  the  simple  ideas  originat  ing  in  the  work  of  Hsu,  ’Wolford  and 
•Strectinan  and  quantified  in  both  the  Vogl  empirical  tight -binding  scheme  and 
the  TIjalmarson  theory  of  defects  have  proven  to  have  widespread  applicability 
t<«  defect  states,  interface  stales,  surface  states,  Scliottky  barriers  and  alloy 
theory.  The  most  redeeming  feature  of  the  theory  is  that  it  is  simple  enough 
to  he  used  by  a  nonexpert,  and  yet  it  produces  rather  good  prediet  ions  for  the 
«  deep  »  electronic  states  associated  with  almost  any  localized  perturbation  in 
a  semiconductor. 
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Predictions  of  the  energy  band  gaps  as  functions  of  alloy  composition  are  given  for  the  Greene  al¬ 
loys,  which  are  metastable,  crystalline,  substitutional  alloys  of  III-V  compounds  and  group-IV  ele¬ 
mental  materials.  All  possible  combinations  of  these  alloys  involving  Al,  Ga,  In.  P.  As,  Sb,  Si.  Ge, 
and  Sn  are  considered.  The  T  and  L  conduction-band  minima,  relative  to  the  valence-band  maxima, 
exhibit  characteristic  K-shaped  bowing  and  kinks  as  functions  of  composition  x,  the  band  edges  at 
point  X  bifurcate  at  critical  compositions  corresponding  to  the  order-disorder  transition  of  Newman 
et  a!.  The  U-shaped  bowing  due  to  the  transition  offers  the  possibility  «'*  band  gaps  significantly 
smaller  than  expected  on  the  basis  of  the  conventional  virtual -crystal  approximation.  Alloys  with 
modest  lattice  mismatches  that  arc  predicted  to  have  especially  interesting  band  gaps  include 
(lnP)|_jGev,,  (AlSb)!_,Snj,,  (GaSbli^Sni*,  and  (InAs)|_xSnit,  which  are  alloys  with  potentially 
small  band  gaps,  and  (AlAsh^Ge^,  and  (GaAs),_iSi;I.  which  are  alloys  with  larger  gaps  and 
several  interesting  band-edge  crossings  as  functions  of  composition. 


I.  INTRODUCTION 

Recently,  Greene  and  co-workers  have  fabricated  a  new 
class  of  semiconducting  alloys  for  a  wide 

range  of  compositions.1''4  The  III-V  compounds  and 
group-IV  elemental  materials  are  normally  immiscible  at 
equilibrium,5  but  can  be  forced  to  mix  by  ion  bombard¬ 
ment  during  growth.  The  resulting  material,  in  the  case 


x 

FIG.  1.  Predicted  band  gaps  at  points  F,  L,  and  X  versus  al¬ 
loy  composition  for  (GaSbjl_JtSn  ,  Kink,  are  seen  in  the  T  and 
L  levels  and  the  level  at  point  X  bifurcates  at  the  assumed  criti¬ 
cal  composition  of  Newman’s  zinc-blende-to-diamond  phase 
transition.  ,vf  =  0.3.  The  gap  is  direct  for  all  compositions, 
ranges  from  ~0.6  to  zero  and  decreases  slowly  as  a  function  of 
composition  from  0.15  eV  to  zero  for  compositions  greater  than 
the  critical  composition. 
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of  (GaAsli.jGe^  or  (GaSb)|_xGe2^ ,  is  a  metastable, 
crystalline,  substitutional  alloy  with  a  lifetime  at  room 
temperature  of  order  1029  years.6  The  fundamental  energy 
band  gap  of  (GaAs)i_xGe2*  has  been  determined  from 
optical-absorption  measurements  and  shows  a  nonparabol¬ 
ic  K-shaped  bowing  as  a  function  of  alloy  composition  x 
(Ref.  7).  A  K-shaped  band  gap  cannot  be  explained  using 
the  conventional  virtual-crystal  approximation,  which 
gives  approximately  parabolic  bowing.  This  K-shaned 
bowing  is  explained,  however,  with  a  zinc-blende-to- 
diamond,  order-disorder  phase  transition.8 

A  theory  for  this  transition  has  been  developed  by  New¬ 
man  et  a/.8-10  and  applied  to  (G3As))_xGe2x.  As  seen  in 
Fig.  1,  where  the  theory  is  evaluated  for  the  con-  iction- 
band  minima  nea:  points  T,  L,  and  X  for  iGaSr.-.i_JtSn2x, 
the  fundamental  band  gap  exhibits  a  K-shaped  bowing  as 
a  function  of  composition,  witb  a  kink  at  :..e  critical  com¬ 
position  xc,  This  theory  also  gives  smaller  gaps  than 
those  of  the  conventional  virtual-crystal  approximation. 

In  this  paper  we  apply  this  theory  to  the  entire  class  of 
alloys  involving  all  possible  combinations 
of  Al,  Ga,  In,  P,  As,  Sb,  Si,  Ge,  and  Sn,  and  we  predict 
the  energy  band  edges  for  there  new  metastable  materials 
as  functions  of  alloy  composition  x.  We  also  establish 
general  rules  for  undemanding  the  chemical  trends  in  the 
band  gaps  and  for  choosi;:?  a  metastable  (AWBV) 
alloy  with  a  desired  energy  band  gap. 

II.  THEORY 

The  central  idea  of  the  preset.!  work  is  that  all  of  the 
(zJ11,5v)i_xX2^  metastable  alloys  should  exhibit  an 
order-disorder  transition  from  an  t.dered  zinc-blende 
structure  (in  which  cations  "know”  which  sites  are  sup¬ 
posed  to  be  cation  sites)  to  the  disordered  diamond  struc¬ 
ture  i  ’  which  there  is  no  distinction  betv  een  anion  and  ca¬ 
tion  sites.  The  critical  composition  xr  at  which  t.1  s  tran- 
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sition  occurs  depends  on  the  growth  conditions  of  the  al¬ 
loy. 

In  developing  a  theory  of  the  electronic  structures  of 
these  alloys,  we  must  remember  that  very  little  is  present¬ 
ly  known  about  these  new  and  interesting  materials. 
Many  of  the  metastable  alloys  have  not  yet  been  grown;  in 
most  cases,  satisfactory  growth  conditions  are  not  yet 
known;  and  it  is  not  yet  definitely  known  if  any  of  the 
Greene  alloys  other  than  (GaSbli^Ge^  exhibits  the 
order-disorder  transition  [which  should  be  detected  in  x- 
ray  diffraction  as  the  disappearance  of  the  (200)  zinc- 
blende  spot  as  *  approaches  xc  from  below].11  These 
facts  are  important  in  defining  the  nature  of  the  theory 
that  is  appropriate  at  this  time;  it  should  be  global  and 
simple,  rather  than  detailed  and  excessively  quantitative. 
With  this  in  mind,  we  assume  both  that  all  of  the  Greene 
alloys  exhibit  the  Newman  et  at.  transition,  and  that  there 
exist  growth  conditions  that  will  result  in  a  critical  com¬ 
position  xc  =  0.3,  the  value  appropriate  for  the  two  alloys 
grown  to  date  by  Greene  and  co-workers:  (GaAsIi^Ge^ 
and  (GaSb)1_xGe2jt  ixc  is  probably  experimentally  adjust¬ 
able).12  We  then  predict  the  band  structures  (as  functions 
of  alloy  composition  x>  of  the  remaining  Mmi?v)X|x 
metastable  alloys  with  the  intent  of  determining  which  al¬ 
loys  arc  likely  to  exhibit  interesting  and  useful  electronic 
structures — thereby  targeting  specific  alloys  for  priority 
growth.  Thus,  we  present  these  calculations  in  order  to 
predict  which  materials  are  most  likely  to  be  interesting, 
rather  than  pretending  to  specify  the  band  structures  with 
any  precision. 

A.  Order-disorder  transition 

The  order-disorder  transition  involves  a  change  of  sym¬ 
metry  from  the  zinc-blende  structure  to  the  diamond- 
crystal  structure.  In  this  transition,  the  distinction  be¬ 
tween  anion  and  cation  sites  is  lost.  The  relevant  order 
parameter  is:9 

Mix)  —  (Pm) 

cation  *  (l) 

where  we  imagine  a  zinc-blende  lattice  with  sites  labeled 
nominally  “cation”  and  “anion.”  and  (Pm  )  cation  is  the 
average  over  all  the  lattice  sites  of  the  probability  that  a 
column-III  atom  occupies  a  nominal  cation  site.  Thus 
Mix)  is  proportional  to  the  average  electric  dipole  mo¬ 
ment  per  unit  cell.  The  order  parameter  depends  On  the 
growth  conditions  tec...  substrate  temperature,  ion- 
bombardment  energy)  as  well  as  on  the  composition  x. 
For  a  completely  ordered  zinc-blende  alloy,  in  which  all 
column-III  (column-V)  atoms  occupy  nominal  cation 
(anion)  sites,  we  have  M  —  1  —  x.  If  all  the  cations  are  on 
anion  sites  and  the  anions  are  on  cation  site  .  we  have 
merely  mislabeled  the  nominal  lattice  and  the  order  pa¬ 
rameter  is  x— 1.  For  the  metastable  ordered  phase 
(x  <xc  =0.3),  we  have  0  <  |  Mix)  |  <  1  —  x.  For  the 
disordered  diamond  phase  (x  >xc),  we  have  M  =0. 

The  theoretical  problem  posed  by  the  Greene  alloys  is 
that  of  predicting  the  electronic  structure  of  metastable  al¬ 
loys  which  are  described  by  the  order  parameter  Mix). 
Thus,  we  must  first  execute  a  nonequilibrium  phase- 
transition  theory  of  M  (xi  and  then  calculate  the  change: 
of  the  electronic  structure  as  the  alloys  (with  different 


composition  x)  undergo  the  order-disorder  transition. 
Newman  showed  that  this  formidable  problem  could  be 
solved  by  breaking  it  into  four  connected  parts:  (i)  an 
equilibrium  phase-transition  theory  of  the  order  parame¬ 
ter  Mix),  based  on  a  three-component  “spin”- 
Hamiltonian  model  similar  to  the  Blume,  Emery,  Grif¬ 
fiths  model1'1  of  He3-He4  solutions.  [Spin-up,  spin-down, 
or  zero  at  a  site  in  (GaAs)  i  _x  Ge^  signifies  occupation  of 
that  site  by  Ga,  As,  or  Ge,  respectively.]  <ii)  Introduction 
of  the  nonequilibrium  character  of  the  alloys  by  eliminat¬ 
ing  those  equilibrium  phases  that  cannot  be  reached  due 
to  growth  conditions  (e.g.,  phase  separation,  which  occurs 
at  equilibrium,  is  prevented  because  characteristic  growth 
times  are  small  in  comparison  with  the  time  required  for 
the  phases  to  diffuse  apart);  (iii)  mutual  elimination  of 
two  unknown  parameters  of  the  spin-Hamiltonian  model, 
i.e.,  a  spin-coupling  constant  J  and  an  effective  growth 
temperature  T,  in  favor  of  one  empirical  parameter,  the 
critical  composition  xc;14  and  (iv)  evaluation  of  the  elec¬ 
tronic  structure  using  a  modified  virtual-crystal  approxi¬ 
mation  and  a  tight-binding  model15  whose  matri:  ele¬ 
ments  depend  parametrically  on  the  order  parameter 
Mix;xc).  Thus,  in  the  Newman  approach  there  are  two 
Hamiltonians:  (i)  a  spin-Hamiltonian  for  treating  the 
order-disorder  transition  and  for  calculating  the  order  pa¬ 
rameter  Mix;xc)  and  (ii)  an  empirical  tight-binding 
Hamiltonian — that  depends  parametrically  on 

Mix  ;xc) — for  calculating  the  electronic  structure. 

B.  Spin-Hamiltonian  model 

Newman  et  al.  have  shown  that  a  III-V  compound 
semiconductor  such  as  GaAs  can  be  modeled  in  a  spin- 
Hamiltonian  language  as  an  “antiferromagnet”  where 
spin-up  or  spin-down  on  a  site  represents  occupation  by  a 
group-III  atom  or  a  group-V  atom,  respectively.  Thus 
GaAs,  with  alternating  Ga  and  As  atoms,  in  this 
language,  is  an  “antiferromagnet.”  The  “magnetization” 
is  proportional  to  the  net  electric  dipole  moment  per  unit 
cell,  Eq.  (1),  and  for  zero-temperature  GaAs  at  equilibri¬ 
um,  equals  unity.  In  metastable  (A  mBv)i_xXlx  alloys 
such  as  (GaAs)1_xGe2x,  occupation  of  a  site  by  a 
column-IV  atom  such  as  Ge  is  represented  by  “spin”  zero. 
If  the  Ge  were  to  occupy  both  anion  and  cation  sites 
without  disturbing  the  occupation  of  these  sites  by  Ga  and 
As,  then  the  order  parameter  would  be  M(x)  =  l— x. 
However,  M  is  not  1  —  x  because  Ge  (spin  zero)  dilutes  the 
“magnetization”  Mix;xc)  of  this  “antiferromagnet,”  by 
removing  nonzero  “spins”  at  various  sites,  until  there  is 
insufficient  “spin-spin”  interaction  for  an  average  site  to 
“know”  it  should  have  spin-up  or  spin-down.  With  a  suf¬ 
ficient  concentration  x  of  dir  tants  (that  depends  on  tem¬ 
perature),  the  “magnetizatio  vanishes,  and  the  system 
u tide, 'goes  a  phase  transition,  from  an  “an’iferromagnet- 
ic“  zinc-blende  state  with  M^O  tc  an  “unmagnetized” 
phase  iM  =  0).  That  is,  as  Ge  dilutes  GaAs,  an  average 
cation  site  is  no  longer  fully  surrounded  by  As  atoms  and 
no  longer  feels  ele ironically  compelled  to  be  occupied  by 
a  Ga  atom  rather  than  an  As  atom.  The  average  ele  trie 
dipole  moment  Mix)  of  the  ordered  zinc-blende  pha*-'e  de¬ 
creases  and  the  system  undergoes  a  transition  from  an  or¬ 
dered  zinc-blcndc  phase  in  which  Ga  atoms  preferen.ially 
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occupy  nominal  cation  sites  to  a  disordered  (M  —  0)  dia¬ 
mond  phase  in  which  there  is  no  distinction  between 
anion  and  cation  sites.  Newman  constructed  a  spin- 
Hamiltonian  model  of  this  order-disorder  transition.  The 
important  physical  parameter  of  this  Hamiltonian  is  a 
nearest-neighbor  spin  coupling  (which  is  related  to  ener¬ 
gies  of  interac'  on  of  the  pairs  of  atoms  V-V,  IH-III,  and 
III-V).  The  Hamiltonian,  when  treated  in  a  mean-field 
approximation,  yields  the  following  equation  for  the  order 
parameter  M  ( x  ;xc): 

■  tanh[(M/(  1  —xc)]  =  [M A  \  — xr)]  ,  (2) 

where  xc  is  the  critical  composition  of  the  order-disorder 
transition. 

C.  Tight-binding  Hamiltonian 

The  electronic  structure  calculations  are  based  on  an 
empirical,  ten-band,  second-nearest-neighbor,  tight- 
binding  theory,  which  employs  an  sp2s*  basis  at  each  site 
of  the  zinc-blende  lattice.  The  on-site  and  nearest- 
neighbor  matrix  elements  of  this  model  have  been  ob¬ 
tained  previously  by  Vogl  et  a/.,15  who  fit  the  known  band 
structures  of  many  III-V  compounds  and  group-IV  semi¬ 
conductors.  The  Vogl  matrix  elements  are  augmented  by 
one  or  two  second-neighbor  parameters16  (see  Table  I)  in 
order  to  obtain  a  better  fit  to  the  band  structures  of  these 
semiconductors  at  the  L  point  of  the  Brillouin  zone.  (The 
Vogl  model  was  designed  to  fit  the  conduction-band  struc¬ 
tures  well  near  points  T  and  X.)  The  on-site  matrix  ele¬ 
ments  for  these  many  semiconductors  exhibit  manifest 
chemical  trends  that  depend  only  on  the  atomic  energies 
of  the  atom  on  the  site,  to  a  good  approximation.  The 
off-diagonal  nearest-neighbor  matrix  elements  are  inverse¬ 
ly  proportional  to  the  square  of  the  bond  length  d,  accord¬ 
ing  to  the  rule  of  Harrison  et  a/.17  For  our  purposes  the 
important  physical  parameters  of  the  tight-binding  Ham¬ 
iltonian  are  the  on-site  energies  of  the  column-III,  -IV, 
and  -V  atoms,  which  we  shall  interpolate  using  a  general- 


TABLE  I.  Second-neighbor  parameters.  Note  here  that 
e(pta,pya')=e(pxc,prc'}  and  e{sa,pxa)-~  dpxc,sc').  See  Ref.  16 
for  details. 

Semiconductor  else  pya')  e(pxa,pya’) 


A1P 

1.990 

0.000 

AlAs 

1.830 

-0.876 

AlSb 

0.101 

0.000 

GaP 

0.641 

0.000 

GaAs 

0.464 

0.000 

GaSb 

0.688 

0.000 

InP 

0.368 

0.000 

InAs 

0.187 

0.000 

InSb 

0.107 

0.000 

Si 

0.000 

0.146 

Ge 

0.157 

0.000 

Sn 

0.000 

0.056 

ized  virtual-crystal  approximation.9  The  on-site  matrix 
elements  are  interpolated  according  to  Eq.  >'3),  as  are  Vd2, 
where  V  is  the  off-diagonal  matrix  elements  and  d  is  the 
bond  length  of  the  alloy  predicted  by  Vegard’s  law:18 
d{x)  —  {  1  —  ,xW[|i-v  +xdw 

We  expect  these  (A  nlBv)t  _xX alloys  to  satisfy  ade¬ 
quately  the  Onodera-Toyozawa19  criterion  for  an  "amal¬ 
gamated"  electronic  spectrum,  since  the  variations  in  on¬ 
site  diagonal  matrix  elements  are  small  in  comparison 
with  nearest- neighbor  transfer  matrix  elements.20  There¬ 
fore,  we  expect  them  to  have  relatively  well-defined  band 
structures  which  can  be  described  (in  a  first  approxima¬ 
tion)  by  a  mean-field  theory  of  the  virtual-crystal  type. 
They  cannot  be  treated  with  the  ordinary  virtual-crystal 
approximation,  however,  because  (in  the  disordered  “dia¬ 
mond”  phase,  in  particular)  they  contain  many  antisite 
atoms  (e.g.,  a  column-III  atom  on  a  nominal  anion  site) — 
and  the  usual  virtual-crystal  approximation  does  not  allow 
for  antisite  atoms.  We  circumvent  this  problem  by  using 
the  generalized  virtual-crystal  approximation,9  which  has 
virtual  anions  and  cations  such  that  the  virtual  cation  is 
(schematically): 

[d-jc  +M)/2]Am  +  [(l-x  -M)/2]BV +xXlv  .  (3) 

Here,  Alu,  .Y'IV,  and  represent  the  column-III,  -IV, 
and  -V  atoms,  and  M  (x  ;xc)  is  the  order  parameter  (1)  of 
the  order-disorder  transition,  obtained  by  solving  Eq.  (2). 

III.  RESULTS 

The  energies  of  the  band  edges  (relative  to  the  valence- 
band  maximum,  which  is  defined  to  be  the  zero  of  energy) 
are  given  in  Fig.  1  for  (GaSbli^Sn^.  Corresponding 
results  for  all  possible  (AmBv)l_xXl:%  alloys  are  given  in 
Figs.  2—4.  The  T  conduction-band  minimum  occurs  at 
k  =  (0,0,0)  in  the  band  structure.  The  edges  labeled  A  and 
A  refer  to  the  conduction  minima  near  the  (1,0,0)  and 
(y,y,y)  points,  respectively  (i.e.,  near  points  X  and  L ).21 
For  k  at  the  X  point  of  the  Brillouin  zone,  the 
conduction-band  edge  actually  bifurcates  as  a  function  of 
alloy  composition  at  the  critical  composition  xc,  produc¬ 
ing  both  an  Xt  and  an  Xs  minimum  in  the  zinc-blende 
(ordered)  phase  for  x  <xc,  but  only  one  minimum  for 
x  >xc  in  the  diamond  (disordered)  phase.  This  bifurca¬ 
tion  is  reflected  in  the  dependence  of  the  minima  along 
the  A  line  as  functions  of  composition  x  (see  Fig.  4),  be¬ 
cause  these  minima  lie  at  wave  vectors  near  point  X.  The 
relative  minimum  at  point  F,  when  plotted  as  a  fur-  tk-n 
of  composition  x,  exhibits  a  kink  at  xc,  as  does  the  band 
edge  at  the  L  point.  The  minimum  in  the  A  direction  re¬ 
flects  the  kinked  behavior  of  the  nearby  L  point. 

In  addition  to  the  dependences  on  alloy  composition  x, 
there  are  discernible  trends  depending  on  the  positions  of 
the  atoms  in  the  Periodic  Table.  To  facilitate  quantifica¬ 
tion  of  these  trends,  we  define  an  effective  average  atomic 
number: 

<  Z )  — xZ,v  +  ( 1  — jc)(Zh,  +  Zv)/2  ,  (4) 

where,  for  example,  Zm  is  the  atomic  number  of  the 
column-III  atom.  Figure  5  shows  that  the  T,  A,  and  A 
band  edges  tend  to  decrease  in  energy  with  increasing 
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FIG.  2.  Predicted  band  gaps  of  (^.lnJ?v)f_JSiic  alloys  versus  x,  for  the  following  III-V  compounds:  A1P,  AlAs,  AlSb,  GaP,  GaAs, 
GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  are  shown.  Kinks  can  be  seen  in  the  F,  A,  and  A  levels  at  the  as¬ 
sumed  critical  composition  xe  =0.3.  The  A  minimum  generally  lies  some  distance  from  the  X  point  in  on.  tight-binding  model,  so  the 
strict  bifurcation  at  the  X  point  is  not  clearly  visible.  The  kinks  near  x  =  1  are  due  to  a  crossing  of  the  T^'  and  F]  levels. 


{Z),  with  F  decreasing  most  rapidly  and  A  decreasing 
least  rapidly  with  { Z ).  This  trend  can  be  exploited,  for 
example,  to  find  metastable  alloys  with  small  fundamental 
band  gaps  for  possible  applications  in  infrared  photogra¬ 
phy:  The  smaller  gaps  are  associated  with  large  average 
atomic  numbers.  Hence  (GaSblj^Sn^,  with  average 
atomic  numbers  ranging  from  36.5  to  50,  should  be  an  in¬ 


teresting  small-band-gap  material,  provided  its  electronic 
transport  properties  can  be  made  suitable  for  device  appli¬ 
cations. 

Predicted  band  gaps  of  the  metastable  zinc-blcnde- 
diamond  Greene  alloys  fabricated  from  Al,  Ga,  In,  P,  As, 
Sb,  Si,  Ge,  and  Sn  are  shown  in  Figs.  2—4.  General 
trends  follow  those  of  the  prototypical  alloy 
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FIG.  3.  Predicted  band  gaps  of  (A u,Bv),_xGelx  alloy  versus  x,  for  the  following  III-V  compounds:  A1P,  AlAs,  AlSb,  GaP, 
GaAs,  GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  are  shown.  Kinks  can  be  seen  in  all  levels,  at  the  assumed 
critical  composition  xc=0.3.  For  some  alloys,  notably  (InP)|_*Ge2*  for  x  <0.4  and  (InAsli-^Gei,  for  x  <0.5,  the  A  minimum 
occurs  at  the  X  point  in  our  tight-binding  model  and  the  strict  bifurcation  at  point  X  is  clearly  visible. 


(GaSb)j_xSn2x,  shown  in  Fig.  1.  All  alloy  band  gaps  ex¬ 
hibit  kinks  at  xc  as  a  function  of  composition.  There  is 
always  at  least  one  kink  in  the  minimum  conduction-band 
edge  at  x  ~-xe,  due  to  the  phase  transition.  This  kink  is 
not  associated  with  a  crossing  of  the  band  edges,  although 
these  types  of  effects  can  also  be  seen  at  other  composi¬ 
tions.  For  example,  in  (InP^^Ge^  (Ref.  22)  at 
x  =0.85,  the  conduction  band  at  T  crosses  with  A  and 
the  alloy  goes  from  being  a  direct-gap  semiconductor  to 


one  with  an  indirect  gap. 

The  alloys  with  the  smallest  lattice  mismatches 

Aa/a=(fl|V-  Otu-v)/0|v  (5) 

are  especially  interesting.  We  focus  primarily  on  alloys 
with  A  a /a  <0.07.  Values  of  A  a /a  are  given  in  each  fig¬ 
ure. 

Since  the  details  of  the  band  gaps  for  these  alloys  de¬ 
pend  on  the  constituents,  we  summarize  details  below  fig- 
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FIG.  4.  Predicted  band  gaps  of  (A  ,"Sv)i_,Snit  alloys  versus  x,  for  the  following  III-V  compounds:  AIP,  AlAs,  AlSb,  GaP, 
GaAs,  GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5!,  are  shown.  Kinks  can  be  seen  in  all  levels,  at  the  critical 
composition  xr=0.3.  For  some  alloys,  notably  (InPli^Sn^  for  x  <0.6and  tlnAsh^Snv,  for  x  <0.5,  the  A  minimum  occurs  at  the 
X  point  in  our  tight-binding  model  and  the  strict  bifurcation  at  point  X  is  clearly  visible. 


ure  by  figure.  Figure  2  displays  predicted  band  edges  for  kink,  at  the  critical  composition  x  —xc,  because  the  fun- 
zinc-blende  materials  combined  in  metastable  alloys  with  damental  gap,  like  that  of  Si,  is  along  the  A1  line  for  all  x, 

Si.  Those  with  the  smallest  lattice  mismatches  are  and  does  not  cross  T  or  A  [the  exception  being 

< AlP)i _JtSi2jc  (A a  ,'a  =  —0.004),  (AlAs)]_xSi2x  (—0.043),  (GaAsl^Sij*  for  which  we  find  crossings  from  T  to  A 

(GaPJ^jSii*  (—0.004),  and  (GaAsJi^Si^  (— 0.043).23  to  A  as  a  function  of  increasing  composition].  The  kink 

Thus,  of  this  class  of  well-lattice-matched  alloys,  one  is  in  T  for  x~0.8  is  due  to  mixing  of  this  level23  and  aTf 

restricted  to  materials  with  (Z)  <23.  The  fundamental  level  not  displayed  (Si  has  F^5  <  T^).  In  contrast  to  ;he 

band  gaps  of  these  alloys  vary  from  1.17  eV  for  Si  to  2.5  small-lattice-mismatched  materials,  the  heavily  strained 

eV  for  ordinary  AIP.23  These  gaps  tend  to  have  only  one  alloys  (see  the  last  row  of  Fig.  2),  all  shr  w  multiple  band- 
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FIG.  5.  Trends  of  the  (a)  T,  (b)  A,  and  (c)  A  band  edges 
versus  average  atomic  number  (Z).  The  relevant  energies  for 
the  (A  lll2?v)|_xA'^  alloys  in  question  lie  within  the  boxes  of  the 
figures.  Hence  those  at  F  and  A,  in  particular,  tend  to  decrease 
with  increasing  (Z  >. 


edge  crossings  from  F  to  A  to  A  as  a  function  of  increas¬ 
ing  composition  x. 

Figure  3  gives  band  edges  for  zinc-blende  materials  in 
metastable  mixtures  with  Ge.  Those  with  the  smallest  lat¬ 
tice  mismatches  are  (AlPl^^Gei*  (Aa  /a  =0.037), 
(AIAs),_xGe2x  (0.0),  (GaP),_xGeZr  (0.037), 
(GaAs)] _xGe,x  (0.0),  and  (InD^^Ge^  (  —  0.037).  In  this 
class  of  alloys  we  are  restricted  to  well-lattice-matched 
materials  with  (Z)<32.  The  band  gaps  of  these  alloys 
vary  from  0.1  eV  for  (InP^^Gei*  at  x=0.3  to  2.5  for 
ordinary  A1P.  The  band  gaps  of  these  alloys  have  cross¬ 
ings  from  A  to  T  to  A  for  (AlP^^Ge^  and 
(AlAs^-jGe^  and  from  T  to  A  for  the  others.  Of  the 
remaining  alloys  with  larger  mismatches,  some,  such  as 
(InAs^^Ge^  and  (InSb)j  _xGe2X,  have  zero  gap  for 
some  compositions  x  but,  because  the  mismatch  is  larger, 
they  may  be  difficult  to  grow. 

Figure  4  presents  our  predictions  for  metastable  alloys 
resulting  from  mixing  zinc-blende  materials  with  Sn. 
Those  with  the  smallest  lattice  mismatches  are 
(AlSb^.jSn;,*  (Aa/a  =0.053),  (InAs^-jSno*  (0.068), 
(GaSb)i_xSn2*  (0.060),  and  (InSb)]_.tSn2X  (0.0).  In  this 
class  of  alloys,  lattice  matching  restricts  us  to  materials 
with  32  <  (Z)  <50.  These  are  especially  interesting  ma¬ 
terials  because  Sn  has  a  zero  band  gap.  The  band  gaps  are 
predicted  to  be  zero  for  the  metastable  alloys 
(IiaAsli.jtSnj*  and  (InSb^^Sn^  for  all  compositions 
(despite  the  fact  that  the  equilibrium  compounds  InAs 
and  InSb  have  nonzero  gaps24).  All  of  the  Sn-based  meta¬ 
stable  alloys  (with  small  lattice  mismatches)  mentioned 
above  are  either  direct-gap  or  zero-gap  materials. 
(GaSb)1_xSnlx  is  particularly  interesting,  because  the 
predicted  gap  varies  from  0.15  eV  to  zero  over  a  large 
range  in  composition,  from  0.3  to  1.0.  Hence,  the  gap  is 
small  and  may  not  be  too  sensitive  to  fluctuations  in  local 
environment.  This,  along  with  (InP)1_xGell,  may  be  an 
especially  good  candidate  for  an  infrared  detector.22  The 
remaining  alloys,  while  covering  a  large  range  in  gap  size, 
from  2.5  eV  for  ordinary  A1P  to  zero  for  Sn,  all  have 
large  lattice  mismatches,  Aa/a  >0.096,  and  good-quality, 
long-lived,  metastable  samples  of  these  materials  may  be 
difficult  to  grow. 


IV.  CONCLUSIONS 

We  have  presented  predictions  of  the  energy  band  gaps 
versus  alloy  composition  x  for  the  Greene  alloys:  meta¬ 
stable,  crystalline,  substitutional  alloys  of  III-V  com¬ 
pounds  and  group-IV  elemental  materials.  The  band  gaps 
at  points  T  and  L  exhibit  kinks  and  the  X  points  bifurcate 
as  functions  of  composition  x,  at  a  critical  value  xc  corre¬ 
sponding  to  the  order-disorder  transition  of  Newman 
et  al.  The  K-shaped  bowing  offers  the  possibility  of  band 
gaps  significantly  smaller  than  expected  on  the  basis  of 
the  conventional  virtual-crystal  approximation.  Alloys 
with  modest  lattice  mismatches  that  are  predicted  to  have 
small  band  gaps  include  (InPl^Ge^,  (AlSW^Sn^, 
(GaSbl^jSnj*,  and  (InAs)1_xSn2x.  Larger  band-gap  al¬ 
loys  with  several  potentially  interesting  level  crossings  in 
the  band  gap  include  (AlAsl^Gej*  and  (GaAs)]  _xSi2x. 
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The  following  facts,  and  many  others,  concerning  III-V  (e.g.,  GaAs,  InP)  Schottky  barriers 
can  be  understood  in  terms  of  Fermi-level  pinning  by  interfacial  antisite  defects  (sheltered  by 
vacancies)  at  semiconductor/meta)  contacts:  (i)  the  barrier  heights  are  almost  independent  of 
the  metal  in  the  contact;  (ii)  the  surface  Fermi  levels  can  be  pinned  at  sub-monolayer  coverages 
and  the  pinning  energies  are  almost  unaffected  by  changes  of  stoichiometry  or  crystal  structure: 
(iii)  the  Schottky  barrier  height  for  n-InP  with  Cu,  Ag,  or  Au  is  =  0.5eV,  but  changes  to 
=  0. 1  eV  when  reactive  metal  contacts  (Fe,  Ni,  or  Al)  are  employed  because  the  antisite  defects 
are  dominated  by  P  vacancies;  and  (iv)  the  dependence  on  alloy  composition  for  alloys  of  AlAs, 
GaAs,  GaP,  In  As,  and  GaAs  is  extremely  complex  -  owing  to  the  dependence  of  the  binding 
energy  for  the  cation-on-anion-silc  deep  level  on  alloy  composition.  Fermi-level  pinning  by  Si 
dangling  bonds  at  Si/transition-metal  silicide  interfaces  accounts  for  the  following  facts:  (i)  the 
barrier  heights  are  independent  of  the  transition-metal,  to  within  =0.3eV;  (ii)  on  the  0. 1  eV 
scale  there  are  chemical  trends  in  barrier  heights  for  n-Si,  with  the  heights  decreasing  in  the 
order  Pt,  Pd,  and  Ni;  (iii)  barriers  form  at  low  metallic  coverage,  (iv)  barrier  heights  are 
independent  of  silicide  crystal  structure  or  stoichiometry  to  ±0.1  eV;  and  (v)  the  barrier  heights 
for  n-Si  and  p-Si  add  up  to  approximately  the  energy  of  the  band  gap. 


1.  Introduction 

When  a  metal  is  deposited  on  a  semiconductor  surface,  a  potential  barrier 
to  electron  motion  is  formed,  which  prevents  the  flow  of  electrons  between 
the  metal  and  the  semiconductor.  The  physics  governing  the  formation  of 
this  Schottky  barrier  is  controversial  even  today.  Here  we  present  theoreti- 
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cal  calculations  which  support  the  notion  that  Schottky  barriers  are  com¬ 
monly  (but  not  exclusively  [1])  formed  as  a  result  of  “Fermi-level  pinning" 
by  deep  trap  states  associated  with  defects  at  the  semiconductor 
surface. 

The  basic  idea  of  Fermi-level  pinning  was  enunciated  by  B:.  deen  [2]  in 
1947.  and  is  most  easily  described  for  the  limit  of  a  degenerate  n-type 
sernicondi  ctor  in  contact  with  a  metal.  The  Fermi  energies  of  the  semicon¬ 
ductor,  the  semiconductor  surface,  and  the  metal  must  align  in  electronic 
equilibrium.  At  zero  temperature,  the  Fermi  level  of  the  semiconductor  lies 
almost  at  the  conduction  band  edge  (more  precisely,  at  the  donor  level),  and 
lines  up  with  the  Fermi  level  of  the  metal.  The  Fermi  energy  of  the 
semiconductor's  surface,  however,  can  lie  deep  in  the  funda  oenta!  band  gap 
if  there  are  deep  impurity  levels  in  the  gap.  In  this  case  of  sufficient 
concentration  of  deep  levels  in  the  gap.  the  deep  levels  determine  and 
“pin"  the  Fermi  energy  of  the  surface,  which  does  not  align  with  the  bulk 
semiconductor’s  Fermi  energy  if  the  valence  band  maxima  of  the  bulk  and 
the  surface  are  assumed  to  be  at  the  same  energy.  Hence,  the  semiconductor 
and  its  surface  are  not  in  electronic  equilibrium  when  the  valence  band 
maxima  align.  As  a  result,  carriers  must  diffuse  in  order  to  bring  the  surface 
into  electronic  equilibrium  with  the  bulk  semiconductor  and  the  metal:  a 
surface  dipole  must  build  up,  and  the  bands  must  Fend  near  the  surface  to 
align  the  Fermi  energies  of  the  bulk  and  the  surface.  This  results  in  a 
Schottky  barrier  (see  fig.  1).  Bardeen,  in  his  Fermi-level  pinning  paper,  left 
open  the  possibility  that  the  deep  levels  responsible  for  the  pinning  might  be 
either  intrinsic  (e.g..  surface  states)  or  extrinsic.  Spicer  and  co-workers  [3] 
have  championed  the  idea  that  native  defects  produced  during  the  formation 
of  the  semiconductor/mt'fal  contact  pin  the  Fermi  energy. 

In  this  Fermi-level  pinning  model,  one  can  estimate  the  Schottky  barrier 
height  for  an  n-type  semiconductor  by  first  determining  the  defect  respon¬ 
sible  for  the  pinning  and  then  calculating  the  difference  in  energy  between 


Semiconductor  Surface  betol 
n-type 

Fig.  1.  Schematic  illustration  of  the  Bardeen  model  of  Fermi-lcvcl  pinning  by  a  semiconductor- 
surface  defect  deep  level  (denoted  by  tin  open  circle  with  a  bar  through  it). 
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the  neutral  defect’s  lowest  unfilled  deep  level  in  the  gap  and  the  conduction 
band  edge.  (For  p-type  material,  the  highest  filled  level  in  the  gap  pins  the 
Fermi  level.)  Hence  the  problem  of  calculating  the  Schottky  barrier  height  is 
reduced  to  the  equivalent  problem  of  computing  the  binding  energy  of  a 
deep  level.  (See  fig.  1.) 


2.  Deep  levels  in  the  bulk 

To  understand  the  physics  of  deep  levels  at  metal/semiconductor  con¬ 
tracts,  one  must  first  comprehend  the  basic  physics  of  deep  impurities  in  the 
bulk  of  a  semiconductor.  An  impurity  level,  by  current  definition  [4],  is 
“deep”  if  that  level  originates  from  the  central-cell  defect  potential  of  the 
impurity  (as  opposed  to  originating  from  the  long-ranged  Coulombic  tail  of 
the  defect  potential,  as  for  “shallow"  levels).  In  covalently  bonded  semi¬ 
conductors,  sp3-bonded  substitutional  defects  have  typically  four  deep  levels 
near  the  fundamental  band  gap  and  an  infinite  number  of  shallow  levels. 
The  infinite  number  of  shallow  levels  is  associated  with  the  fact  that  the 
Coulomb  potential  has  an  infinite  number  of  bound  states,  and  the  four  deep 
levels  are  due  to  there  being  one  s-like  and  three  p-like  orbitals  for  an 
sp’-bonded  defect.  In  the  bulk  of  a  tetrahedral  semiconductor,  the  three 
p-states  are  degenerate,  forming  a  T2-symmetric  deep  level,  and  the  s-state 
gives  rise  to  an  A,  level. 

The  four  deep  levels  need  not  all  lie  within  the  fundamental  band  gap. 
however.  In  fact,  it  is  rare  that  all  four  do.  Indeed,  a  “shallow  impurity”  is 
one  for  v.hich  all  of  its  deep  levels  lie  outside  the  fundamental  band  gap  (fig. 
2).  A  “deep  impurity”  is  an  impurity  that  produces  at  least  one  deep  level  in 
the  band  gap.  The  issue  of  whether  a  deep  level  lies  within  the  gap  or  not  is 
a  quantitative  one:  if  the  host  bands  are  broad  enough  and  the  fundamental 
band  gap  is  narrow  enough,  then  the  bands  are  likely  to  cover  up  all  of  the 
deep  levels,  making  them  resonant  with  the  host  bands.  Hence,  narrow-gap 
semiconductors  tend  to  have  relatively  fewer  “deep  impurity"  centers  (with 
levels  in  the  gap)  than  large  band-gap  materials. 

The  basic  physics  of  deep  levels  is  illustrated  schematically  in  fig.  3  for  the 
case  of  an  N  impurity  replacing  P  in  the  bulk  of  GaP.  For  simplicity  we 
consider  only  the  A,  or  s-like  deep  state  of  the  defect.  First  consider  atomic 
Ga  and  P,  which,  when  combined  into  a  molecule,  form  bonding  and 
antibonding  levels.  The  bonding-antibonding  splitting  is  of  order  i‘"/eGa- 
eP).  where  v  is  the  nearest-neighbor  transfer  matrix  element  and  eGil-e„  is 
the  energv  denominator  resulting  from  perturbation  about  the  cM.one 
tight-binding  limit  [5.6],  The  bonding  and  antibonding  states  of  the  mole¬ 
cule  are  the  parents  of  the  conduction  and  the  valence  bands  of  the  solid, 
respectively.  If  now  one  P  atom  is  replaced  by  an  N  impurity  atom,  the  N 
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Fig.  2.  Schematic  illustratio;  of  the  difference  between  "shallow"  and  “deep"  sp’-bonded 
substitutional  (donor)  impurities,  after  ref.  [21).  The  shallow  energy  levels  ir  the  band  gap  are 
dashed.  The  deep  levels  of  A,  (s-like)  and  T:  (p-like)  symmetry  are  denoted  by  heavy  lines.  In 
the  case  of  a  “shallow  impurity"  the  deep  levels  are  resonances  and  lie  outside  the  fundamental 
band  gap;  for  a  “deep  impurity”  at  least  one  deep  level  lies  within  the  gap.  The  lowest  level  is 
occupied  by  an  extra  electron  (dark  circles)  if  the  impurity  has  a  valence  one  greater  than  the  host 
atom  it  replaces  (e.g.,  S  or  O  on  a  P  site  in  GaP). 

will  try  to  hybridize  with  its  neighbors.  However,  the  atomic  energy  of  the  N 
is  =  7  eV  lower  than  the  corresponding  energy  of  the  P  atom  it  replaces  (i.e., 
the  defect  potential  in  the  central-cell  is  V  ~  -1  eV).  As  a  result,  the  energy 
denominator  is  =7eV  large,  for  N  than  for  P,  and  (since  v  is  almost  the 
same  for  P  and  N  [7]),  the  bonding-antibonding  splitting  is  smaller- and  the 
deep  level  lies  within  the  band  gap.  For  a  slightly  less  negative  value  of  V 
(i.e..  a  slightly  more  electropositive  defect  than  N,  such  as  S),  however,  the 
deep  level  is  resonant  with  the  conduction  band -so  that  at  most  “shallow” 
states  bound  by  the  long-ranged  Coulombic,  -Ze2/er,  part  of  the  defect 
potential  (neglected  here)  would  lie  in  the  gap.  (Here  Z  is  the  impurity-host 
valence  difference  and  is  zero  and  unity  for  N  and  S,  respectively,  teplacing 
a  P  atom  in  GaP.) 


Atom  Molecule  Solid  Defect  "molecule" 

(_P'I0S2 

Fig.  X  Schematic  illustration  of  the  qualitative  physics  of  deep  levels,  as  discussed  in  ref.  [4], 
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3.  Deep  levels  of  surface  defects 

The  same  basic  physics  holds  for  a  defect  at  a  surface.  The  reduction  of 
the  tetrahedral  symmetry  by  the  surface  causes  the  A,  bulk  levels  to  shift 
and  the  T2  deep  levels  to  split  into  three  orbitally  non-degenerate  levels.  For 
a  defect  at  a  free  surface  the  splittings  of  the  T2  level  are  of  order  1  eV. 
Therefore,  the  fr ee-surface  defect  levels  lie  at  substantially  different  energies 
from  the  bulk  defect  levels. 

A  central  question  is  whether  the  pinning  defects  for  Schottky  barrier 
formation  are  at  the  semiconductor’s  surface  or  in  the  semiconductor’s  bulk. 
There  is  no  definitive  experimental  answer  to  this  question  at  the  present, 
but  we  believe  that  the  defects  are  at  or  very  near  the  semiconductor/metal 
interface  in  environments  that  are  quite  similar  to  the  environment  of  a  defect 
at  a  free  surface.  By  this  we  mean  the  pinning  defects  are  each  adjacent  to  a 
vacancy  or  a  void  (or  a  highly  electropositive  atom)  that  “shelters”  it 
electronically  from  its  more  distant  neighbors:  a  defect-vacancy  pair  in  the 
semiconductor’s  bulk  has  essentially  the  same  energy  levels  as  a  defect  at  a 
surface  [8] -because  deep-level  wavefunctions  are  rather  localized  to  the 
shell  of  first-neighbors  of  the  defect,  and  the  main  difference  between  a 
defect-vacancy  pair  and  the  same  defect  at  a  surface  is  that,  at  the  surface 
(which  can  be  thought  of  as  a  sheet  of  vacancies),  some  second-  and 
more-distant  neighbors  are  vacancies  rather  than  atoms.  (Second-neighbor 
effects  on  a  deep  level  are  rarely  major.) 

Our  reasons  for  adopting  this  viewpoint  that  the  pinning  defects  are  near 
the  semiconductor/metal  interface  and  “sheltered”  in  free-surface-like 
environments  are:  (i)  Fermi-level  pinning  can  occur  at  sub-monolayer 
metallic  coverages,  a  fact  that  is  difficult  to  explain  unless  the  relevant 
defects  are  at  or  near  the  interface;  (ii)  the  simple  bulk  point  defects,  such  as 
vacancies  and  antisites,  unquestionably  give  qualitatively  as  well  as  quan¬ 
titatively  incorrect  predictions  for  the  observed  behavior  of  Fermi-level 
pinning  and  Schottky  barrier  heights  (e.g.,  the  bulk  antisite  AsGa-As  on  a 
Ga  site -in  GaAs  cannot  explain  the  Fermi-level  pinning  for  n-GaAs 
because  it  produces  onh  an  occupied  deep  donor  level  in  the  gap,  whereas 
an  unoccupied  acceptor  is  required  to  achieve  Fermi-level  pinning  in  the  gap 
for  n-type  material  -  i.e.,  the  next  available  level  for  an  electron  is  the  deep 
level,  rather  than  the  conduction  band  edge).  In  contrast,  AsCa  at  the  surface 
produces  two  deep  levels  in  the  gap:  a  deep  donor  and  a  deep  acceptor;  (iii) 
without  the  concept  of  sheltering,  the  defect  theory  would  be  in  conflict  with 
the  experimental  fact  that,  for  GaAs  and  some  other  semiconductors,  the 
deposition  of  different  (non-reactive)  metals  in  a  semiconductor/metal  con¬ 
tact  most  often  leads  to  the  same  Schottky  barrier  height  (if  the  defect  were 
in  direct  contact  with  the  metal,  its  energy  levels  would  be  significantly 
altered  by  changing  the  metal).  Therefore,  the  pinning  defect  must  be 


942 


J.D.  Dow  et  al.  /  Interfacial  deep  levels 


adjacent  either  to  a  vacancy  or  to  a  very  electropositive  atom  (recall  that 
electronically  a  vacancy  is  an  infinitely  electropositive  "atom”  [9]). 

Spicer  and  co-workers  [3],  Wieder  et  al.  f  10],  Monch  et  al.  [11],  and 
Williams  et  al.  [12]  have  presented  numerous  data  which  indicate  that  the 
surfaces  of  III— V  semiconductors  have  Fermi  levels  determined  or  “pinned" 
by  the  deep  impurity  states  of  native  defects.  The  exact  mechanisms  by 
which  these  defects  are  created  are  not  presently  understood,  but  it  is 
believed  that  they  are  normally  generated  during  the  formation  of  the 
surface  (e.g..  by  cleavage)  or  during  the  deposition  of  a  metal  contact. 
Indeed,  the  precise  nature  of  the  native  defects  is  not  presently  known,  and 
one  purpose  of  this  work  is  to  provide  a  theoretical  framework  for  identify¬ 
ing  the  “pinning  defects”.  We  shall  enumerate  the  possible  native  defects, 
argue  that  the  pinning  levels  of  many  complex  defects  are  virtually  identical 
to  the  pinning  levels  of  a  few  simple  ones,  show  that  some  simple  defects  can 
explain  the  observed  chemical  trends  in  Schottky  barrier  data  for  III— V 
semiconductors  while  others  cannot,  and  propose  a  relatively  simple  and 
specific  picture  of  the  pinning  defects. 

The  possible  native  defects  are  anion  and  cation  vacancies,  both  types  of 
antisite  defects,  anion  and  cation  interstitials,  and  combinations  of  these.  It 
can  be  shown,  however,  that  the  combination  defects  normally  have  spectra 
similar  to  the  sum  of  their  constituents’  spectra  [8]  -  and  so  we  consider  only 
the  isolated  defects.  We  also  eliminate  interstitials  from  consideration, 
because  (i)  interstitials  are  known  to  be  very  sensitive  to  the  local  environ¬ 
ment  [13]  (whereas  Fermi-level  ninning  defects  are  not),  and  (ii)  in  the  bulk, 
the  Group-Ill  and  Group- V  atoms  have  been  observed  either  on  their  own 
sites  or  on  the  antisite,  but  (to  our  knowledge)  not  at  interstitial  positions. 
Defects  associated  with  the  metal  atoms  originating  from  the  metal  of  the 
contact  are  not  considered  because  (i)  for  some  semiconductors  at  least,  the 
Schottky  barrier  heights  are  relatively  independent  of  the  metal,  and  (ii)  for 
most  of  the  semiconductors  of  interest,  the  metal  atoms  themselves  do  not 
produce  the  required  deep  levels  in  the  fundamental  band  gap. 

Thus  we  are  left  with  an  apparently  simple  problem:  compute  the  deep 
levels  of  the  vacancies  and  the  antisite  defects,  and  determine  if  these  levels 
explain  the  observations.  In  making  these  calculations,  however,  we  must 
recognize  that  this  or  any  theory  has  uncertainties  of  order  —  0.5  eV  (part  of 
which  is  due  to  the  neglect  of  lattice  relaxation  around  the  defect).  There¬ 
fore,  we  do  not  simply  compare  the  theory  with  data,  but  instead  we  (i) 
eliminate  as  many  as  possible  of  the  Fermi-level  pinning  assignments 
because  the  theory  and  the  data  disagree  by  >  0.5  eV,  and  (ii)  make  our  final 
assignments  on  the  basis  of  the  observed  chemical  trends  in  the  Fermi-level 
pinning  positions  from  one  semiconductor  to  another. 

The  calculations  employ  an  empirical  tight-binding  Hamiltonian  [6]  for 
the  host  semiconductor.  Since  the  parameters  of  this  Hamiltonian  exhibit 
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chemical  trends,  the  defect  potential's  matrix  elements  can  be  estimated  from 
the  trends  [4],  In  the  localized-orbital  spV  tight-binding  basis,  the  defect 
potential  V  is  diagonal  (provided  we  assume  that  the  lattice  does  not  relax 
around  the  defect)  with  elements  proportional  to  the  differences  between 
the  atomic  energies  of  the  defect  and  the  host  atom  it  replaces.  The  deep 
levels  of  the  defect  are  obtained  by  solving  the  secular  equation 

det[  1 V]  =  0  . 

where  /7„  is  the  host  Hamiltonian  and  E  is  the  deep  level.  For  the 
calculations  reported  here,  H0  describes  a  relaxed  (110)  III— V  surface  with 
the  27°  rigid  rotation  of  the  anions  out  of  the  surface  plane,  and  V  is  a 
matrix  simulating  the  central-cell  potential  of  a  deflect  at  the  surface. 
However,  a  far  simpler  model  involving  defect-vacancy  pairs  in  the  bulk  or 
at  an  interface  would  give  similar  results  [14]:  in  the  simpler  case  H0  would 
represent  the  sheltering  vacancy  and  the  cluster  of  atoms  at  the  defect  site 
(before  the  defect  is  introduced)  and  at  surrounding  first-  and  possibly 
more-distant-neighbor  sites.  The  details  of  solving  the  secular  equation 
either  for  a  defect  at  the  free  surface  [15]  or  for  a  simplified  cluster  model 
[14]  have  been  described  elsewhere. 


4.  Results  for  III-V  semiconductors 

The  results  of  our  calculations  of  the  Schottky  barrier  heights  (i.e.,  the 
binding  energies  of  the  lowest  incompletely  occupied  one-electron  level  of 
the  neutral  impurity  with  respect  to  the  conduction  band  edge)  are  given  in 
fig.  4,  where  we  have  assumed  that  the  defect  responsible  for  Fermi-level 
pinning  is  the  caticn-on-anion-site  antisite  defect  at  the  surface.  The 
agreement  between  theory  and  data  is  strikingly  excellent,  and  strongly 
supports  the  hypothesis  that  this  antisite  defect  is  responsible  for  the 
observed  Schottky  barrier  formation.  (The  two  vacancies  and  the  other 
antisite  defect  fail  to  reproduce  all  the  vbserved  trends.) 

This  success  does  not  mean  that  all  Schottky  barrier  formation  in  Ill-V 
semiconductors  is  attributable  to  Fermi-level  pinning  bv  cation-on-anion-site 
defects.  Although  an  antisite  defect  can  be  formed  with  less  free  energy  that 
a  vacancy  [16],  we  believe  Fermi-level  pinning  by  vacancies  has  been 
observed  for  InP  contacts  with  reactive  metals  [17].  Indeed,  the  apparent 
dependence  of  Schottky  barrier  height  on  chemical  reactivity  [12,17,18]  can 
be  explained  in  terms  of  chemical  reactions  changing  the  dominant  defect 
from  an  antisite  to  a  vacancy.  The  reactive  metals  combine  with  P  making 
stable  compounds,  leave  P  vacancies  (VP).  In  InP  these  vacancies  are 
predicted  to  yield  shallow  donor  levels  in  the  fundamental  gap  near  the 
conduction  band  edge;  these  levels  pin  the  Fermi  energy  and  yield  a  small 
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Fig.  4.  Experimental  (dashed)  and  theoretical  (solid)  dependence  of  the  Schottky  barrier 
heights  of  III— V  semiconductor  alloys  with  Au  contacts  versus  alloy  composition,  after  ref.  [22], 
The  theory  assumes  Fermi-level  pinning  by  a  surface  cation-on-anion-site  defect. 

(—  0. 1  eV)  Schottky  barrier  height.  Thus,  when  reactive  metals  (viz.,  Fe.  Ni, 
or  Al)  are  deposited  on  InP,  the  dominant  Fermi-level  pinning  defects 
appear  to  be  P  vacancies;  but  when  non-reactive  metals  are  deposited  (viz., 
Cu,  Ag,  or  Au),  the  antisite  defect  levels  appear  to  dominate,  and  the 
barrier  height  is  approximately  0.5  eV.  Thus  the  theory,  supplemented  by 
the  hypothesis  that  the  reactive  metals  produce  P  vacancies,  can  account  for 
the  InP  data. 

The  ability  of  the  theory  to  provide  a  natural  explanation  of  the  depen¬ 
dence  of  Schottky  barrier  height  on  chemical  reactivity  is  especially  im¬ 
portant,  because  it  offers  a  resolution  of  a  major  controversy  between  the 
viewpoints  (i)  that  Schottky  barrier  formation  is  due  to  Fermi-level  pinning 
by  defects  (championed  by  Spicer  and  co-workers  [3]),  and  (ii)  that  Schottky 
barrier  formation  depends  critically  on  chemical  reactivity  (advocated  by 
Brillson  and  associates  [18]).  Our  own  viewpoint  is  that  both  sides  of  the 
controversy  are  essentially  correct,  and  that  different  chemical  reactions 
produce  different  dominant  defects  and  Fermi-level  pinning  positions. 

Presently,  it  is  not  known  if  reactive  metals  do  indeed  produce  a  sufficient 
number  of  interfacial  P  vacancies  in  InP.  Indeed,  studies  of  P  diffusion  indicate 
that  the  diffusion  rate  is  greater  for  non-reactive  metals  and  that  P  concentrates 
at  the  reactive-metal/InP  interface  [19]! 

There  are  many  other  experimental  facts  concerning  III-V  semiconduc¬ 
tors,  most  of  them  of  a  detailed  nature,  that  the  Fermi-level  pinning  theory 
can  explain.  But  rather  than  focus  on  those  details  in  our  limited  space,  we 
instead  turn  our  attention  to  Si  (which,  being  homopolar,  has  no  antisite 
defects)  and  the  question  of  whether  Si's  Schottky  barriers  are  similar  to 
those  of  the  III-V’s. 
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5.  Si/transition-metal  silicide  Schottky  barriers 

The  best-studied  Si  Schottky  barriers  are  those  with  transition-metal 
silicides.  The  silicides  themselves  are  metals  created  by  the  reaction  of  the 
transition-metals  with  the  Si.  For  these  systems  we  believe  the  pinning 
defects  are  Si  dangling  bonds. 

The  local  defect  we  think  is  responsible  for  the  Fermi-level  pinning  is 
similar  to  a  bulk-Si  vacancy  whose  four  nearest-neighbor  atoms  (instead  of 
all  being  Si)  are  three  transition-metal  atoms  and  one  Si  atoms  (the  one 
whose  bond  dangles  into  the  sheltering  vacancy  due  to  a  missing  Si  bridge 
atom  at  the  Si/transition-mrtal  silicide  interface)  [20].  If  the  transition-metal 
atoms  were  instead  Si  atoms,  locally  this  defect  would  be  a  bulk-Si 
vacancy -with  an  A,  symmetric  deep  level  resonant  with  the  valence  band 
and  a  T2  level  in  the  Si  band  gap.  Hence,  to  determine  the  physics  of  the 
Fermi-level  pinning  at  the  Si/transition-metal  silicide  interface,  we  need  only 
understand  how  the  bulk-Si  vacancy’s  deep  levels  change  as  three  of  the 
vacancy’s  neighbors  change  from  Si  into  transition-metal  atoms.  The  change 
of  the  three  neighbors  from  Si  into  transition-metal  atoms  can  be  simulated 
by  increasing  the  sp3  hybrid  energies  of  the  atoms  on  the  transition-metal 
sites  (for  the  hybrids  oriented  toward  the  vacancy)  from  eh  (for  Si)  to  eh+  V 
(for  transition-metal  atoms),  with  V  of  order  5  eV.  That  is,  relative  to  Si,  the 
transition-metal  atoms  are  very  electropositive  (electronically  like  vacan¬ 
cies).  The  large  positive  repulsive  potential  V  on  the  transition-metal  sites 
merely  pushes  the  Si  dangling  bond  away  from  the  silicide  and  into  the  Si. 
In  the  process,  it  drives  the  energy  of  the  T2  deep  level  for  the  bulk-Si  vacancy 
out  of  the  fundamental  band  gap  and  into  the  conduction  band,  and  brings 
the  A,  level  up  into  the  gap.  (For  V -*  +  *,  the  A, -derived  level  approaches 
the  hybrid  energy  eh  asymptotically  from  below.)  This  level,  for  the  neutral 
defect,  is  singly  occupied  by  one  electron,  and  therefore  can  pin  the  Fermi 
energy  of  either  n-Si  or  p-Si.  Hence  the  barrier  heights  for  n-  and  p-type 
material  add  up  to  the  band  gap.  Since  changes  of  V  of  order  1  eV  have 
little  effect  on  a  pinning  level  that  asymptotically  approaches  eh,  the  theory 
explains  why  different  transition-metals  have  the  same  barrier  heights  to 
within  ~0.3eV,  while  the  differences  in  barrier  heights  on  the  0.1  eV  scale 
reflect  the  chemical  trends  in  V  (which  is  proportional  to  the  difference 
between  the  atomic  energy  of  a  transition-metal  and  that  of  Si)  giving 
decreasing  barrier  heights  for  Pt.  Pd,  and  Ni  silicides.  Moreover,  since  the 
pinning  defect  is  localized  and  has  properties  that  depend  primarily  on  the 
electropositivity  of  the  transition-metal  atoms,  one  can  understand  Why 
barriers  form  at  low  metallic  coverages  and  have  heights  that  are  insensitive 
to  stoichiometry  or  the  silicide  crystal  structure.  Thus  Fermi-level  pinning  by 
dangling  bonds  can  account  for  the  main  experimental  facts  concerning 
Schottky  barrier  heights  at  Si/transition-metal  silicide  interfaces. 
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6.  Discussion 

We  have  touched  on  a  small  subset  of  the  many  and  varied  experimental 
facts  that  can  be  explained  by  the  Fermi-level  pinning  model  of  Schottky 
barrier  formation.  This  model  has  beer,  successfully  applied  to  Schottky 
barriers  involving  Si.  Si^Ge^,  and  diamond  (with  Fermi-level  pinning  by 
dangling  bonds)  as  well  as  to  III— V  semiconductors  (in  which  antisite  defects 
and  dangling  bonds  pin  the  Fermi  level).  It  appears  to  be  applicable  to  any 
covalent  semiconductor  which  responds  to  contact  formation  by  spon¬ 
taneously  producing  a  sufficient  number  of  native  defects. 
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We  have  used  a  variety  of  novel  approaches  in  characterizing  metal-semiconductor 
interfaces- soft  X-ray  photoemission  spectroscopy  with  interlayers  or  markers,  surface  photo¬ 
voltage  spectroscopy,  and  cathodoluminescence  spectroscopy,  coupled  with  pulsed  laser 
annealing -to  reveal  systematies  between  interface  chemical  and  electronic  structure.  The 
chemical  basis  for  these  intcrfacia!  properties  suggests  new  avenues  for  controlling  electronic 
structure  on  a  microscopic  scale. 


1.  Introduction 

With  the  application  of  surface  science  techniques  to  the  study  of  metal- 
sen., conductor  interfaces,  considerable  progress  has  been  achieved  in 
understanding  the  interactions  which  take  place  at  the  microscopic  junction 
and  their  influence  on  macroscopic  electronic  properties  [1-6],  In  particular, 
it  is  now  generally  accepted  that  the  extrinsic  electronic  states  of  a  metal- 
semiconductor  interface- e.g.,  those  due  to  some  interaction  between  metal 
and  semiconductor- rather  than  any  intrinsic  states  present  at  the  semi¬ 
conductor  surface -dominate  the  Schottky  barrier  formation.  Considerable 
evidence  for  these  conclusions  has  been  derived  from  contact  potential  [7,8], 
surface  photovoltage,  low  energy  electron  loss  [9,10],  UV  [12,13],  and  soft 
X-ray  photoemission  spectroscopies  [14-21],  With  these  techniques,  research 
groups  around  the  world  have  found  strong  charge  transfer  and  atomic 
redistribution  occurring  with  the  deposition  of  only  a  few  monolayers  or  less 
of  deposited  metal  on  clean,  ordered  semiconductor  surfaces.  Thus  related 
phenomena  such  as  chemical  reactions,  diffusion,  formation  of  defects, 
dipoles,  and  alloy  layers  at  the  metal-semiconductor  interface  arc  observed 
which  can  account  for  Schottky  barrier  formation  on  an  atomic  scale.  Within 
the  last  few  years,  this  body  of  work  has  been  extended  to  reveal  further 

*  This  work  reported  here  was  carried  out  in  collaboration  with  C.F.  Brucker.  A.  Katnani,  M. 

Kcl'y,  G.  Margaritondo.  H.  Richter.  Y.  Shapira,  M.  Slade,  and  N.G.  Sloffel. 
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Studies  of  electrochemically  etched  tungsten  scanning  tunneling  microscope  tips,  using  scanning 
electron  microscopy  show  that  (i)  the  tips  are  often  convolved  or  bent  if  the  mass  of  the  tungsten 
wire  submerged  in  the  etchant  is  large  (an  effect  ascribed  to  surface  plastic  flow),  (ii)  bent  tips 
nevertheless  often  produce  good  quality  scanning  tunneling  microscopy  images  of  Au  films  in  air, 
but  (iii)  tips,  once  crashed  clumsily  into  the  Au  films,  no  longer  produce  images. 


1.  INTRODUCTION 

In  an  ideal  scanning  tunneling  microscope,  electron  tunnel¬ 
ing  occurs  between  the  surface  being  studied  and  a  single 
atom  at  the  end  of  a  sharp  tunneling  tip.  In  practice,  it  is  rare 
to  prepare  tips  even  resembling  the  sharp,  single-atom  ideal. 
Often,  in  order  to  obtain  scanning  tunneling  microscope  im¬ 
ages  front  layered  compounds,  one  must  first  crash  the  tung¬ 
sten  tip  into  the  surface.  This  initial  crash  very  likely 
“spears"  a  layer  of  the  material  being  studied,  wl  ich  then 
can  act  as  a  tunneling  tip.  For  example,  scanning  tunneling 
microscope  studies  of  layered  compounds,  such  as  graphite, 
using  tungsten  tips  suggest  that  the  “tip”  may  in  reality  be  a 
layer  of  graphite  stuck  on  the  tungsten.  '-2  Colton  et  al. 1  and 
Mizes  and  Harrison3  have  shown  rather  dramatically  that 
many  of  the  different  images  reported  for  graphite  surfaces 
can  be  obtained  by  having  more  than  one  atom  acting  as  a 
tunneling  site.  In  III-V  semiconductors,  Feenstra  and  Fein4 
have  shown  that  images  of  defects  on  the  GaAs  ( 1 10)  sur¬ 
face  depend  on  the  character  of  the  tip  as  much  as  on  the 
defect.  Biegelsen  ct  a l.5  have  published  studies  of  tip  struc¬ 
tures  and  have  found  that  ion  milling  improves  the  sharpness 
of  a  tip.  removes  oxide,  and  enhances  the  tip’s  reliability. 
Clearly  the  role  of  the  tip  and  its  geometry  in  forming  scan¬ 
ning  tunneling  microscope  images  is  incompletely  under¬ 
stood. 

In  this  paper,  we  report  some  elementary  studies  of  tung¬ 
sten  scanning  tunneling  microscope  tips.  These  include  stud¬ 
ies  of  scanning  electron  microscope  images  of  tips,  the  de¬ 
pendence  of  lip  geometry  on  tip  etching  and  growth 
conditions,  and  the  quality  of  scanning  tunneling  micro¬ 
scope  images  obtained  from  each  tip.  As  our  touchstone  of 
comparison,  we  use  images  of  Au  films  in  air.  Surface  Au 
atoms  have  ..  high  mobility,  forming  nearly  planar  surfaces, 
and  the  steps  on  these  surfaces  are  easily  visible  with  our 
microscope.  We  us.  Au  rather  than  graphite  as  our. standard 
because  giaphite  layers  are  too  easily  peeled  from  the  sur¬ 
face.  Wc  find,  not  surprisingly,  that  once  car  tips  crash  into 
the  surfac.  of  Au,  unless  the  crash  is  rather  gentle/’  the  tips 
no  longer  produce  good  images;  however,  we  also  find  that 
lip  geometry,  as  observed  with  a  scalin'-  g  elec  iron  micro¬ 


scope,  can  be  a  deceptive  predictor  of  scanning  tunneling 
microscope  image  quality.  In  particular,  some  tips  can  be 
terribly  “bent”  or  convolved  geometrically  and  yet  produce 
rather  good  images. 

II.  TIP  PREPARATION 

Each  tip  was  prepared  by  placing  several  millimeters  of 
the  lower  end  of  a  tungsten  wire  (0.025  in.  diameter)  into  an 
aqueous  1M  NaOH  etching  solution  and  applying  a  12-'*’ 
potential  to  the  tungsten  wire  (with  respect  to  a  stainless- 
steel  electrode  inserted  into  the  solution ) .  The  etch  was  con¬ 
tinued  until  the  submerged  portion  of  the  wire  dropped  off 
into  the  bath,  leaving  the  usable  tip  suspended  near  the  li¬ 
quid/air  interface.  By  electronically  monitoring  the  etching 
current  (typically  10mA)  with  a  comparator  circuit,  the  12- 
V  potential  was  shut  off  when  the  wire  separated.  This  pre¬ 
vented  further  etching  of  the  tip.  After  the  separation,  the 
etch  voltage  was  pulsed  “on”  for  1  s,  to  remove  any  irregu¬ 
larities  at  the  end  of  the  tip. 

In  order  to  prevent  unnecessary  e'ching,  we  covered  a 
large  portion  of  the  wire  submerged  in  the  solution  with  Tef¬ 
lon  insulation.  This  kept  the  current  density  in  the  etching 
region  approximately  constant  and  permitted  better  deter¬ 
mination  of  the  mass  of  the  submerged  portion  of  the  wire 
(for  correlation  of  tip  shape  with  the  mass  of  the  submerged 
portion,  see  below). 

III.  SCANNING  ELECTRON  MICROSCOPE  IMAGES 

The  tips  that  we  etched  generally  exhibited  nearly  expo¬ 
nential  shapes  (Fig.  1),  rather  than  the  nearly  paracolic 
shapes  reported  by  some  authors.7  We  find  that  this  expo¬ 
nential  shape  results  when  the  current  density  (and  hence 
the  reaction  rate)  is  high.  We  have  observed  that,  with  a 
longer  length  of  wire  (~  1  cm  or  more)  exposed  the  et¬ 
chant,  the  protiieoft'ne  lip  tended  to  become  more  pa  -  '->olic. 
We  have  also  found  that  more  paraboiic  shapes  result  from 
electrochemical  etching  with  alternating  rather  than  direct 
current. 

A  number  of  our  tips  had.  in  addi  ion  to  the  nearly  expo- 
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I'lCi.  1.  Scanniin;  clcclrou  microscope  image  of  a  poimed  tungsten  tip.  The 
tip  was  etched  in  an  aqueous  NaOH  solution.  Note  the  I00-/im  scale. 

nential  overall  shape,  highly  convolved  or  bent  points  (Fig. 
2),  although  such  tips  had  never  been  allowed  contact  with 
any  surface.  By  carefully  controlling  the  etching  conditions, 
we  learned  that  such  bent  points  tend  to  occur  when  the  mass 
(length)  of  the  tungsten  wire  in  the  etchant  is  large,  acondi- 
tion  indicative  of  (i)  plastic  flow  of  the  tungsten  wire  as  the 
tip  is  formed  and  (ii)  some  recoil  of  the  tip  at  the  instant  of 
tip  formation,  when  the  wire  in  the  etchant  drops  off. 

Just  before  the  bottom  portion  of  the  wire  separates,  plas¬ 
tic  flow  occurs  at  the  narrowest  region  of  the  wire  when  the 
Stres1'  induced  by  the  wire’s  weight  is  greater  than  the  yield 
stress.  Rough  estimates  indicate  that  the  weight  of  several 
millimeters  of  tungsten  wire  in  the  etchant  bath  is  sufficient 
to  allow'  plastic  deformation  at  a  necking  diameter  of  about  1 
fim.  Furthermore,  .Mechanical  energy  stored  in  the  neck 
region  of  t lie  stretched  tungsten  wire  is  released  when  the 
wire  separates.  This  energy,  although  perhaps  an  order  of 
magnitude  ton  small  to  plastically  deform  the  entire  volume 
of  the  thicker  portion  of  the  wire,  is  nevertheless  sufficient  to 
deform  small  surface  regions,  leading  to  tip  recoil  and  bend- 


Fio.  2.  Scanning  clod.  >n  microscope  imago  of  a  contorted  or  bent  tungsten 
tip.  The  contortion  is  not  due  to  the  tip's  having  been  crashed,  but  rather  is 
due  to  tip  deformation  during  etching.  Such  bent  tips  occur  when  a  large 
mass  ol  wire  is  submerged  in  the  etchant,  and  arc  ascribed  to  recoil  after 
fracture  resulting  from  plastic  deformation.  Note  the  10-/rm  scale.  Note 
also  the  "'dirt"  on  the  tip.  residual  NaOH. 


Fit;.  2.  Scanning  tunneling  microscope  image  of  a  An  lilm.  taki  a  using  the 
tipofFig.  1.  This  is  a  tunneling  current  image  overa  I5tl\  1 50  A  area  of  t  he 
film.  Comparable  quality  images  are  obtained  with  both  pointed  and  bent 
tips,  provided  the  tips  have  not  been  crashed. 


ing,  with  the  yield  stress  apparently  being  exceeded  locally  at 
certain  surface  regions. 

The  possibility  of  plastic  flow  playing  a  role  in  the  forma¬ 
tion  of  tips  has  been  raised  previously  by  Muller  and  Tsong,8 
but  those  authors „  icribed  the  tip  bending  to  the  action  of  gas 
bubbles.  We  \  irtually  eliminate  such  bubbles  by  us.ng  a  di¬ 
rect-current  etch  (alternating  current  produces  many  bub¬ 
bles),  but  still  obtain  bent  tips  when  the  conditions  of  signifi¬ 
cant  plastic  flow  are  met. 

IV.  SCANNING  TUNNELING  MICROSCOPE  IMAGES 

Surprisingly,  the  bent  or  convolved  tips  often  produced 
decent  scanning  tunneling  microscope  images — of  compara¬ 
ble  quality  with  images  produced  by  “pointed"  tips,  such  as 
the  one  in  Fig.  3.  Subjectively,  the  pointed  tips  may  have 
produced  slightly  sharper  scanning  tunneling  microscope 
images,  but  the  variation  of  image  quality  for  various  point¬ 
ed  tips  was  comparable  with  the  differences  between  images 
for  pointed  and  bent  tips. 

In  contrast,  tips  that  were  crashed  clumsily  into  the  sur¬ 
face  no  longer  produced  images.  <  Controlled  and  gentle 
crashes,  however,  can  leave  the  tips  capable  of  forming  sub¬ 
sequent  images/’) 

V.  CONCLUSIONS 

Thus  we  conclude  that  the  best  tungsten  tips  are  formed 
when  only  a  small  portion  of  the  wire  is  suspended  in  the 
etchant,  and  that  the  sharpness  of  a  tip  on  the  ~  10-/rm  scale 
of ;  scanning  electron  microscope  image  may  not  be  a  good 
indicator  oft  ip  imaging  quality.  Nevertheless,  as  a  matter  of 
good  experimental  practice,  bent  lips  should  be  avoided,  and 
so  only  a  small  portion  of  the  tungsten  wire  should  be  sub¬ 
merged  during  the  etching  process. 
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SUMMARY 

Using  a  scanning  tunnelling  microscope  tip  formed  by  cutting  a  platinum  wire,  we  have 
modified  the  surfaces  of  gold  and  Hg,_NCdxTe  on  a  nanometre  scale  by  mechanical  contact 
between  the  tip  and  the  surface.  By  using  the  same  tip  to  form  images,  we  have  been  able  to  gain 
‘before’  and  ‘after’  pictures  of  surfaces  that  have  been  selectively  ‘sanded’,  controllably 
‘chiselled’,  and  ‘swept’. 

We  have  also  obtained  images  taken  under  glycerin  of  Hgi_xCdxTe  and  of  the  diluted 
magnetic  semiconductor  Hg,.xMnxTe. 

1.  introduction 

Since  its  birth,  the  scanning  tunnelling  microscope  (ST M)  has  proven  to  be  an  exceptionally 
valuable  tool  not  only  for  observing  surfaces  on  the  scale  of  atomic  dimensions,  but  also  for 
modifying  surfaces  on  a  nanometre  scale — nano-machining.  One  potential  application  for 
nano-machined  surfaces  is  in  high-densitv  information  storage  devices:  a  storage  density  of  one 
bit  per  square  nanometre  would  allow  the  text  information  of  an  entire  library  to  be  kept  in  a  few 
square  millimetres  of  area. 

The  STM  has  been  used  to  ‘machine’  surfaces  in  several  ways.  Becker  el  al.  (1987)  wrote  a 
bit  having  atomic  dimensions  on  a  Ge  surface.  Ringer  el  al.  ( 19S5 ;  scribed  lines  on  a  Pd-Si 
surface.  McCord  &  Pease  (1986,  1987a-c)  exposed  resists  using  the  STM  and  also  used  the  tip 
as  a  micro-mechanical  tool-bit  to  shave  off  resist  material  from  surfaces.  Abraham  el  al.  (1986), 
Gimzewski  &  Mollcr  (.1987),  Gimzewski  el  al.  (1987)  and  Jaklcvic  &  Elie  (1988)  used  the  tip  of 
an  STM  to  deform  regions  of  surfaces  by  point  contact  between  the  tip  and  surface.  Staufcr  el 
al.  ( 1987, 1 988a ,  b)  locally  melted  surfaces  of  metallic  glasses  with  the  ST  M.  Schneir  &  Hansma 
(1987),  Schneir  et  al.  (1988),  Emch  et  al.  (1988)  and  Knipping  cl  al.  (1988)  formed  hillocks 
and/or  holes  on  gold  surfaces  by  increasing  the  bias  potential  between  the  STM  tip  and  the 
surface.  Silver  el  al.  (1987;  and  Ehrichs  et  al.  (1988)  used  organometallic  gases  to  write  metallic 
features  on  surfaces,  and  dc  Lozanne  et  al.  (1988)  formed  text  characters  on  a  Si  substrate  using 
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a  contamination  resist.  Lin  cl  al.  (1987)  etched  lines  on  n-GaAs  in  an  electrochemical  cell. 
Foster  cl  al.  (1988)  manipulated  organic  molecules  on  graphite,  and  Dovek  cl  al.  (1988) 
modified  polvmers.  McCormick  ci  al.  (1988)  produced  grooves  on  an  Al  substrate  using  an 
STM. 

In  this  paper  we  shall  present  three  forms  of  surface  modification  or  nano-machining  which 
can  be  achieved  using  a  cm  platinum  wire  as  the  STM  tip  Following  a  discussion  of  tip- 
preparation  procedures  (Sect,. in  2),  we  ptesen;  three  exam,  ,es  of  nano-machining:  selective 
‘sanding’,  and  controlled  ‘chiselling’  on  goid :  taces  in  air  section  3.-  and  atomic  ‘sweeping’ 
on  Hg|_xCd,Te  in  air  (Section  4).  ‘Sanding’  smooths  atomic  profusions  from  the  surface; 
‘chiselling’  writes  a  line  or  groove  on  the  surface;  and  ‘sweeping’  moves  material  from  one 


Fig.  1.  SEM  image  of  an  STM  :ip  formed  by  anting  a  0'2S  :nm  Pi  \  'ie  with  diagonal  cuner  pliers.  At  iheesfcnic 
end  of  the  wire  there  is  a  protruding  linger  v.  inch  is  visible  in  bmp  _■  low  and  :b  high  magnificat  ion.  Presumably 
a  protruding  duster  or  group  of  atoms  at  ib-  end  ol  this  finger  acts  as  the  tunnelling  tip. 
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region  to  another.  Section  5  presents  pieliminary  results,  including  STM  images  of  features  on 
Hgi^CdJTe  and  Hg^Mn^Te  surfaces,  which  were  cleaved  and  imaged  under  glycerin. 
Finally,  potential  applications  of  nano-machining  techniques  will  be  discussed  in  Section  6. 

2.  TIP  PREPARATION 

The  tips  used  in  this  study  were  prepared  by  cutting  a  0  25  mm  diameter  platinum  wire  with 
diagonal  cutter  pliers.  The  angle  between  the  long  direction  of  the  wire  and  the  cut  direction 
was  always  considerably  less  titan  90 so  one  side  of  the  cut  wire  protruded  more  than  the  other 
side.  It  was  hoped  that  there  would  be  one  predominant  protrusion  at  the  end  of  the  wire  which 


Fig.  2.  STM  images  of  a  gold  film  fa)  before  and  (b)  after  selective  ‘sanding'.  Before  ‘sanding1  there  are  two 
hillocks  near  the  centre  of  the  image.  The  ‘sanding’  operation  selectively  removes  the  two  central  hillocks  leaving 
the  surrounding  features  unchanged.  The  lateral  range  ol  the  image  is  50x50nm  (length  of  the  horizontal  Iinci. 
and  the  height  range  is  4nnt  length  of  the  vertical  line). 


Fig-  j.  M  images  <i  :!  .i  \.il"tr;Ue  .a'  before  and  r.c.  «J  after  contrived  'chbcliiir:'.  Tin-  Mirfacc  i-.  s) 
after  I'iKiiu:  li.c  "t-  firs;.  liirv.  -hi  u  fourth  Vh:---;  lino'  ii-inp  a  1’:  :ip.  I he  range  ul  ti;s-  1:1; 

20U  •'2(Kinm  ik-iutth  ofth.  •.nnzu:.'.:;!  line  .  and  the  height  range  :  2"  ran  length  of  the  Metical  lilt.  - 
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wnulu  act  as  an  STM  tip  and  that  this  cut  tin  would  be  free  from  etchant  residues  normally 
present  on  etched  tips.  Platinum  was  chosen  because  of  its  relative  hardness  necessary  for 
nano-machining)  2nd  inertness  to  atmospheric  contamination.  A  scanning  electron  ..ueruscope 
(SEM)  image  of  such  a  cui  platinum  wire  is  shown  in  Fig.  Ka'  .  nis  tip  had  be  -n  used  for 
controlled  ‘chiselling’  on  gold.)  At  rfr  vight-hand  side  of  the  figure,  on  the  portio.  of  the  wire 
which  was  closest  to  the  sample,  a  protruding  finger  can  be  seen.  Tr.  -  fiiiu.cr  is  more  clearly  seen 
in  the  magnified  view  of ;  ig.  l  b' .  and  was  responsible  for  the  cur.  ent  between  the  tip  an*_  the 
sample.  Presumably  the  end  of  this  finger  is  relatively  fiat  on  an  atomic  scale,  but  with  a 
protruding  cluster  or  group  of  atoms  or,  perhaps  even  a  single  atom,  which  acts  as  the  actual 
STM  site  for  electron  tunnelling. 

3.  NANO -MACHINING  OF  GOl.I) 

For  these  experiments  we  constructed  an  STM  following  the  design  of  Kaiser  &  Jaklcvic 
)19S7).  With  this  microscope  we  have  imaged  the  surface  of  crystalline  graphite,  seeing  well- 
resolved  protrusions  a:  atomic  positions.  Using  plaiinum  tips  fabricated  as  described  above,  we 
have  imaged  several  other  surfaces.  First  we  show  results  for  Au  surfaces  in  air. 

■  a)  Selective  ‘sanding 

Figure  2(a ,  shows  a  50  x  50  nm  constant-current  image  taken  on  a  gold  film  deposited  on  an 
insulating  substrate  (tip  hiax=-  50 mV,  eirrcnt  =  10  '  A).  Several  small  hills  and  features  arc 
evidej  >.  In  particular,  at  th-  base  of  the  A  vine  near  the  horixr  i:  »i  centre  of  the  picture,  two 
hilloe.:-  can  be  seen  with  )!:■•  larger  one  .  out  5nm  in  diam, .  •  .*-;J  about  03nm  high.  To 
'sand'  these  hillocks,  the  tip  was  first  mo.cd  to  the  hillock  region,  then  the  tip  was  brought 
closer  t  ;  the  surface  by  increasing  the  set  current  a  tho,  and-fold:  and  finally,  the  hillock  region 
was  scanned  at  a  r.  tc  too  fast  to  allow  the  electronics  to  maintain  a  constant  di-tance  between  the 
tip  and  the  sample.  Following  this  sanding  operation,  the  original  scanning  conditions  were 
restored  and  the  tip  was  scanned  over  the  original  rev. on  of  file  surface.  Tr.e  resulting  image, 
shown  in  Fig.  2tb’.  shows  >hc  selective  temoval  0;  the  two  hillocks  «»*"  interest  while  the 
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surrounding  features  remain  intact,  as  can  be  seen  upon  comparison  with  Fig.  2«'a).  The 
material  from  the  hillock.;  has  probably  been  spread  out  over  the  surface  by  the  sanding  action, 
or  perhaps  some  of  the  material  may  have  been  picked  up  by  the  sides  and  the  end  of  the  tip, 
leading  to  slight  modification  of  the  tip  structure.  Although  it  is  not  known  if  the  hillocks  were 
composed  of  gold  or  of  some  conductive  contaminant,  the  data  indicate  that  selective  local 
‘sanding’  (smoothing)  of  a  surface  can  be  accomplished  with  an  STM  tip. 

(b)  ComrolkJ  ‘chiselling' 

Using  a  platinum  tip  similar  to  the  one  shown  in  Fig.  1 ,  we  also  ‘chiselled’  gold.  A  smooth 
gold  surface  was  prepared  by  melting  a  piece  of  solid  gold  in  a  torch  flame  (Schneir  eial.  1988). 
A  constant-current  scan  over  a  200x200nm  region  of  the  pristine  gold  surface  is  shown  in  Fig. 
3(a)  (tip  bias=  + 50mV,  current=  1G'*  A).  The  surface  was  modified  by  moving  the  tip  over  to 
the  right-hand  side  of  the  region  and  then,  with  the  position  of  the  tip  in  the  x-y  plane  of  the 
sample  fixed,  the  tip  we;  moved  electronically  into  the  surface  along  the  r-directior..  Upon 
retraction,  the  tip  was  placed  back  at  its  original  position  and  the  region  was  rescanned.  The 
resulting  image  (Fig.  3b. j  shows  the  same  region  of  the  surface,  as  indicated  by  the  same  features 
in  the  upper  right-hand  corner  as  were  observed  on  the  pristine  surface.  In  addition,  Fig.  3(b) 
shows  a  chisel  line  due  to  the  impact  of  the  tip  and  surface.  By  repeating  this  chiselling 
procedure,  other  lines  were  ch,  soiled  into  the  surface.  Fig.  3(c)  shows  the  surface  after  three 
such  chiselling  events.  The  chisel  line  to  the  left  was  done  last.  Subsequent  chiselling  ploughs 
up  material,  which  partially  fills  in  prior  chisel  marks.  By  repeating  this  process,  four  lines 
spaced  30-40  nra  apart  were  chiselled  into  the  surface  (Fig,  3d).  1;  should  be  emphasized  that  in 
this  chiselling  process  the  tip  moves  only  in  the  odirection.  indenting  the  surface.  This 
indicates  that  the  tip  geometry  is  probably  a  nanoscopic  whisker  (which  carries  the  tunnelling 
current)  on  a  relatively  flat  blade  fwhich  indents  the  surface). 

It  seems  at  first  amazing  that  the  STM  tip  can  both  drastically  alter  the  topography  of  a 
region  of  the  surface  and  then  subsequently  scan  the  same  area.  A  possible  explanation  for  this 
follows.  After  the  first  impact  between  the  tip  and  the  surface,  there  it  undoubtably  some  geld 
which  adheres  to  the  end  of  the  piatinum  wire,  perhaps  in  the  form  of  a  little  ball  or  ‘drop’. 
(Energy  dispersive  analysis  with  X-ravs  iEDA'U  of .  tip  (the  tip  of  Fig.  1  which  had  been  used 
for  chiselling  indicates  the  adhesion  of  Au  to  the  end  of  the  tip.)  A  protruding  cluster  of  atoms 
on  the  end  of  this  ball  presumably  acts  as  the  new  STM  tip  and  is  responsible  for  subsequent 
images.  Daring  chiselling,  the  gold  on  the  end  of  the  tip  deforms  upon  cor.-  .ct  with  the  vld 
substrate  because  gold  is  softer  than  platinum.  This  deformation  continues  ;:s  the  platinum  of 
the  tip  indents  the  surface.  Upon  retraction  ■  ;f  the  platinum  tip,  some  gold  again  is  picked  up 
from  the  surface  and  a  new  gold  drop  forms  at  the  end  to  the  platinum  thus  reforming  the 
scanning  tip.  The  portion  of  the  tip  used  for  tunnelling  is,  therefore,  geometrically  different 
from  the  part  creating  the  chisel  line.  The  chisel  line  is  then  the  mark  of  the  platinum  tip.  while 
the  electrical  current  passes  through  the  softer  gold  tip.  If  the  end  of  the  platinum  tig  is  not 
symmetric,  ther.  the  mark  of  the  tip  is  asymmetric.  The  data  of  Fig.  3  indicate  an  asymmetric 
tip.  which  is  not  surprising  for  our  tip-fabrication  method,  and  the  line  nature  of  the  mark  is 
very  likely  a  result  of  an  asymmetric  platinum  protrusion. 

4.  ATOMIC  ‘sweeping  of  Hg,.,CdsTe  svrfaces 

A  constant-current  image  of  a  Hg._,CdsTe  (x=0-2)  surface  in  air  is  shown  in  Fig.  4(a)  (lip 
bias=-i-20i>mY,  currer  - 10  v  A).  The  •.  an  was  taken  with  the  platinum  tip  which  had 
previously  been  used  it>  d.>  the  chiselling  Fig.  3.  After  the  scan  of  Fig.  4  a),  the  tip  impacted 
the  surface  near  the  cen,:  ,  of  the  pictm..  Immediately  after  impact  the  ST.V.  produced  the 
image  of]  'ig  Mb.  A  k  hough  the  gi  oss  features  of  the  image,  such  r.s  the  ravine  in  the  rig  iv  hand 
corner  and  the  genera!  si-  re  of  the  image,  remained  uucln  \5  the  details  have  been  altered  by 
impact,  most  notably,  the  creation  of  a  crater.  Repeated  s.,-..  >ing  oi  the  impact  area  caused  the 
material  in  iv  crater  !<•  disappear.  This  crater,  during  the  sixth  p  -impact  scan,  is  shown  in 
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Fig.  5.  STM  imag  ■  {.'mwi  Hg  /-d»Te  cioavcd  and  imaged  under  glyccr'*-.  The  steps  are  0-5  nm  and  O  S  nn 
high.  The  lateral  runs.;  <-i  the  image  is  20x20 nm  (length  of  the  hviixontal  line),  and  the  height  range  is  ?*5  nm 
(length  of  the  vertical  line.!. 


Fig.  4  c).  The  emptying  >*f  the  crater  cannot  be  explains  !  by  changes  (such  as  sharpening1!  of  a 
blunted  tin.  since  then  other  features  su.h  as  the  ravine  of  Fig.  4(c)  would  have  :;bo  become 
more  pronounced,  which  did  not  happen  compare  Fig: .  4b  and  c).  A!  i:  .jgh  the  mechanism 
responsible  for  removal  of  material  from  the  .*  ,.*r  is  unknrvn.  a  pos'-mic  explanation  is  that 
the  impact  of  me  tip  broke  up  material  with*—  nisiudging  i: .  Subsequent  scanning  then  swept 
tit’  material  i  *ut  of  the  crater  conce:  ably  by  either  mechanical  contact  between  the  tip  the 
m.  —rial  or  by  ek-cmc-iieid  induce,  forces  on  the  material. 

5.  n-Vi  COMPOUNDS  OliSERV!  :i  VNDK!.  .il-YCERJN 

’"'e  have  imaged  Hgi_vCd.Te  (.v=U*2:  and  the  diluted  magnetic  semiconductor 
Hi  .Mn,Te  .v- 0*025-  alter  cleaving  under  glycerin.  We  hope  that  the  glycerin  (which  is 
essentially  non-conducting  at  the  bias  voltage  u.-ed,  acts  as  a  protective  ...  'c:  on  the  surface, 
he. ping  to  r -event  atmospheric  contamination.  A  constant  currcip  scar,  polycrystalline 
He  Cd.Te  cleaved  and  imaged  t  *  .ie:  ••’veerin  is  :r  >wn  in  Fig.  5  (tip  bias=4-20UmV. 
current  =  1*‘  A  .  I-.  the  lower  rigt.*.  >  .'  .c  tire  there;,  sicp-oflni  \:t  0*5  and  n-Snm.  Since 
the  macroscopic  cr.  stal  was  pohvryx  bine.  t;.%  face  >  he  Hg  .  vCd,  Tv  grain  being  viewed  is 
un  mown:  moreover,  the  Hg;  NCd.Tc  surface  could  be  contaminated.  We  cannot,  therefore. 
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Fig.  6.  Ridges  on  the  DMS  material  Hg^MnfTe  cleaved  and  sr.raeec  under  glycerin.  The  ridges  are  several 
nanometres  high.  The  Irterai  range  of  the  image  is  50  nm  (length  c  i  the  .'i.zoma.  line),  and  the  height  range  is 
ljiiti  (length  of  the  vertical  line.. 


To  our  knowledge  these  are  the  first  STM  images  of  Hg^  .  Cd.Te  or  of  a  diluted  magnetic 
semiconductor.  To  learn  auout  the  surface  str"  tures  of::  .e  materials,  it  is  clearly  desirable  to 
perform  experiments  in  ultra-high  vacuum  (L'HV)  in  or  ter  to  prevent  contamination.  Work  is 
presently  underway  in  our  laboratory  to  observe  cleaved  single  crystals  MTI-YT  compounds 
under  UHV  conditions.  The  abeve  examples  indicate  that  surface  morphology  of  II— VI 
materials  can  indeed  be  imaged  under  glycerin,  and  strong./  suggest  that  UHY  imaging  o  these 
materials  is  likeiy  to  be  succe:  vful  also. 

6.  CONCTSIOX 

VTc  ha  -e  shown  three  examples  of  surface  alterations  induced  by  STM  tips  consisting  of  cut 
platinum  wire:  ..elective  ‘sanding’  of  Au,  controlled  ‘chiselling'  of  Au.  and  atomic  ’sweeping'  of 
Hg,„/..lTe  is  ;.ir.  It  is  possible  to  smooth  selected  regions  of  the  surface  by. using  the  sanding 
action  of  the  STM  tip,  while  leaving  neighbouring  structures  essentially  unchanged .  Corn  rolled 
‘chiselling’  <>:  lines  30-40 ru  ,  apart  has  been  achieved  on  a  gold  surface  using  a  vUt  platinum 
wire.  It  vva  shown  that  the  51 M  ’ip  can  ‘sweep’  or  move  material  out  of  a  tip- impact  area  on  the 
surface  of  He,  ,sCd  Ye. 

In  summary,  the...  machining  operations,  although  primitive,  could  be  used  in  refined 
form-,  for  fabrication  of  in.',:!  r  t  dun  storage  structures,  per  example,  the  chiselling  operation 
pciio-mci  with  a  more  i  ounic.  ’  tip  would  faducc  more  circular  craters  or.  gold.  The  tip .  -  d 
then  he  used  under  computer  c  mtrol  to /.norm  dot  matrix  printing  on  the  surface,  producing 
a  written  pattern,  or  perhaps  .  ven  a  pi  core,  which  could  he  irasef  by  using  the  selective 
‘sar.Jng’  operation.  The  s\u  -y.r.g  and  .ding  perations  couic  possibly  be  used  to  Iran-  tve'i 
groups  of  atoms  from  on.  •cgior.  of  the :  u:  lace  to  another.  ‘herd.ng’  atoms  or  ‘painting’  a  i  uc  on 
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a  surface.  In  addition  we  have  presented,  to  our  knowledge,  the  first  STM  images  of 
Hg|_„CdxTe  and  a  DMS  material. 
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Abstract 

Using  a  scanning  tunneling  microscope,  quantum  dots  of  diameter  30  A  to 
50  A  have  been  fabricated  on  the  cleaved  InSb(llO)  surface  in  UHV.  Both  In 
and  Sb  atoms  were  clearly  resolved  on  the  cleaved  surface. 
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Scanning  tunneling  microscopes  (STM's)  present  the  opportunity  not  only 
to  image  a  semiconductor  surface  with  unprecedented  resolution  but  also  to 
controllably  alter  the  surface  on  the  Angstrom  scale,  as  a  result  of  the  tip- 
surface  interaction.  Becker  et  al .  demonstrated  that  single  atoms  could  be 
manipulated  on  the  Ge(lll)  surface  with  a  single  voltage  pulse  [1],  A  number 
of  authors  [2]  have  "machined"  various  surfaces  on  the  nanometer  scale,  either 
by  crashing  the  STM  tip  into  the  surface,  by  applying  voltage  pulses,  or  by 
local  heating  --  with  experiments  performed  in  air,  under  liquids,  or  in 
ultra-high  vacuum.  In  this  paper  we  present  some  of  the  first  [3]  STM  images 
of  the  InSb(llO)  surface  under  ultra-high  vacuum  and  we  show  how  quantum  dots 
can  be  controllably  engraved  in  the  surface. 

We  employed  a  Pachyderra-4  sculpted  STM  [4] ,  which  is  machined  almost  in 
its  entirety  from  a  single  block  of  stainless  steel  and  hence  has  unusual 

vibrational  stability.  With  this  STM,  we  obtained  the  160  A  x  180  A  image  of 

-11 

Fig.  1  by  scanning  the  InSb(llO)  surface.  This  surface  was  cleaved  in  10 
Torr  vacuum,  and  the  image  was  taken  with  a  tunneling  current  of  120  pA  under 
positive  sample  bias  of  +0.2  V  (sensitive  to  electronically  unoccupied  states 
of  the  InSb) .  The  white  features  of  the  image  are  In  atoms  spaced  by  the 
accepted  lattice  constants  (assuming  a  29°  Rigid  Rotation  Model  [5]  of  the 
surface  relaxation).  The  number  of  visible  defects  on  this  picture  is  one  (in 
the  upper  right  corner)  per  =*10  atoms. 

Negative  sample  bias  of  -0.2  V  produced  the  image  of  Fig.  2,  which  is 
sensitive  to  electronically  occupied  Sb-derived  states. 

2 

By  positioning  the  STM  tip  over  a  spot  for  “  10  s  we  formed  quantum  dots, 
such  as  those  of  Fig.  3.  The  positions  of  the  dots  were  easily  controllable. 
The  perfect  InSb(llO)  surface  was  more  susceptible  to  disruption  by  the  STM 
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tip  than  other  surfaces  we  have  studied  [2] [6],  and  so  preservation  of  the 
perfect  surface  required  rapid  scanning,  while  the  formation  of  quantum  dots 
was  almost  effortless.  The  diameters  of  the  two  dots  in  Fig.  3  are  **  30  A  and 
“  50  A,  namely,  5  to  8  times  the  InSb  lattice  constant.  Close  inspection  of 
that  figure  reveals  images  of  individual  In  atoms. 

The  quantum  dots  appear  to  be  small  surface  voids,  with  depths  of  2  A  to 
4  A.  The  size  of  the  voids  can  be  increased  by  holding  the  tip  fixed  for  a 
longer  time  or  by  scanning  over  a  very  small  area. 

These  results  demonstrate  that  Angstrom- scale  STM  lithography  of 
InSb(llO)  surfaces  will  be  feasible,  and  that  it  might  be  possible,  if  the 
electronic  structures  of  the  quantum  dots  are  favorable,  to  fabricate 
Angstrom-scale  memory  bits  on  this  surface. 
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FIGURE  CAPTIONS 

Fig.  1.  STM  image  of  a  160  A  x  180  A  area  of  InSb(llO).  The  surface  was 
cleaved  in  ultra-high  vacuum  (10"^  torr  range)  and  imaged  at  +0.2  V  sample 
bias  with  120  pA  tunneling  current.  The  white  features  are  In  atoms.  The  data 
were  Fourier  filtered. 

Fig.  2.  STM  image  of  InSb(llO)  showing  Sb  atoms.  The  sample  bias  was 
-0.2  V  and  the  tunnel  current  was  120  pA.  Individual  Sb  atoms  are  clearly 
resolved.  The  data  were  Fourier  filtered. 

Fig.  3.  Quantum  dots  produced  on  the  InSb(llO)  surface.  Two  quantum 
dots  were  produced  on  a  perfect  InSb  surface  by  placing  the  tip  over  each  dot 
region  for  -  10z  seconds.  The  dots  are  <*  30  A  and  «  50  A  in  diameter. 
Individual  In  atoms  can  also  be  observed  in  the  image.  The  sample  was  biased 
+0.5  V  and  the  tunneling  current  was  120  pA.  The  data  were  not  filtered. 


STM  image  showing  the  surface  topography  before  (a)  and  after  (b)  (c)  the 
nano-fabrication.  The  sample  bias  is  0.3  V  (a)  (b)  and  -0.3  V  (c). 
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A  theory  of  deep  impurity  levels  in  superlattices  is  outlined,  and  applied  to  ZnSe/Zn„  jMn(),Se  with  the  substitutional  dopant 
GaZn.  Ga  is  predicted  to  undergo  a  shallow-deep  transition  as  a  function  of  x  in  bulk  Zn,_,Mn,Se.  and  so  Ga  dopes  ZnSe  n-type 
but  prevents  ZnrtfMn0JSc  from  being  doped  n-type  even  by  modulation  doping.  In  ZnSe/Zn0VN(n„,Se  superlattices.  the  band 
edges  are  quite  sensitive  to  changes  in  the  layer  thicknesses,  but  the  deep  levels  are  not.  As  a  result,  shallow-deep  transitions  as 
functions  of  layer  thickness  are  predicted  to  occur.  The  physics  of  shallow-deep  transitions  in  superlattices  is  elucidated,  and  its 
relevance  to  the  II  — VI  doping  problem  is  discussed. 


1.  Introduction 

Every  s-  and  p-bonded  substitutional  'impurity 
in  a  semiconductor  produces  four  “deep”  levels 
that  lie  near  or  in  the  fundamental  band  gap  of 
the  host.  These  levels  are  due  to  the  central-cell 
defect  potential,  and  may  all  lie  resonant  with  the 
host  bands,  in  which  case  the  impurity  is  termed 
“shallow.”  Or  at  least  one  of  these  levels  may  lie 
within  the  gap.  in  which  case  the  impurity  is 
“deep”  [1],  Normally  one  such  deep  level  is  A,- 
symmetric  or  s-like  and  three  are  p-like  (and  pos¬ 
sibly  degenerate,  depending  on  the  site  symmetry'). 

2.  Shallow-deep  transitions 

In  a  very*  crude  (but  instructive)  approximation 
[2],  the  deep  levels  are  insensitive  to  changes  of  the 
host  composition,  atomic  ordering  (e.g„  super- 
lattice  versus  random  alloy),  or  pressure,  and  re¬ 
tain  their  absolute  energies.  In  contrast,  the  con¬ 
duction  and  valence  band  edges  are  sensitive  to 
such  changes,  and  so  it  is  rather  common  that  a 
band  edge  passes  through  a  deep  level,  changing 
the  character  of  the  impurity  from  shallow  to 
deep.  This  is  believed  to  be  the  case  [3]  for  SitJll<in 
(Si  on  a  cation  site)  in  Al,Ga,_xAs:  for  x  <0.2 
the  A, -symmetric  deep  level  lies  in  the  conduction 


band,  making  Si  a  shallow  donor:  but  for  ,v  >  0.3 
the  deep  level  is  in  the  fundamental  band  gap, 
allowing  the  Si  atom  to  trap  an  extra  electron 
rather  than  donate  one  to  the  conduction  band, 
rendering  the  material  semi-insulating  rather  than 
n-type  [3].  This  shallow-deep  transition  is  particu¬ 
larly  interesting  in  superlattices.  where  the  band 
edges  are  sensistive  to  the  choice  of  layer  thick- 
.  ness,  but  the  deep  levels  are  not  [2]. 

3.  Shallow-deep  transitions  in  sujxtrlatTices 

One  example  of  such  a  transition  is  the  GaZn 
impurity  near  the  center  of  a  ZnSe  layer  in  a 
ZnSe/Zn0jMn05Se  [001)  superlattice.  This  im¬ 
purity  is  a  shallow  donor,  with  its  A  ^symmetric 
deep  level  in  the  conduction  band,  for  thick  ZnSe 
layers.  Fig.  V  illustrates  how  the  conduction  band 
edge  of  a  .V  x  10  superlattice  passes  through  the 
Ga  deep  level  as  .V  decreases  from  Ar=  10  to 
N  —  1  (a  single  layer  of  ZnSe).  In  the  thin  super- 
lattices  (for  N  <  3,  according  to  the  theory  [2.4]). 
the  superlattice's  conduction  band  edge  lies  above 
the  deep  level;  and  Ga  becomes  a  deep  impurity: 
the  extra  electron  (relative  to  Zn)  of  neutral  Ga  is 
trapped  in  the  deep  level,  which  can  also  trap  an 
additional  election  of  opposite  spin.  For  thick 
ZnSe  layers  (N  >  3).  the  extra  electron  of  neutral 
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Fig.  1.  Well-center  GaZn  A,  deep  levels  in  (a)  thin  (1  X  10)  and  in  (b)  thick  (10  x  10)  quantum  well  ZnSe/Zn(,  jMnc 5Se  [001] 
superlattices.  The  thick  solid  lines  are  the  band  edges  of  ZnSe  and  Zn0  JMn0JSe  bulk  semiconductors  respectively.  The  dashed  lines 
are  the  superlative  band  edges.  The  short  sol.d  lines  are  the  GaZn  deep  levels.  The  GaZn  deep  level  is  above  the  superlattice 
conduction  band  edge  in  a  10  x  10  superlattice  and  is  in  the  gap  of  a  1  X  10  superlattice.  The  extra  valence  electron  in  the  GaZn 
resonant  deep  level  will  fall  to  the  conduction  band  edge  in  the  10  X  10  superlattice.  while  in  the  1x10  superlattice  the  extra  electron 
will  occupy  the  deep  level  which  can  also  trap  another  electron  of  opposite  spin. 


ZnSe  /  Zn0  5MnD  5Se  [001]  Superlattice 


i:  T. 


Ga  spills  out  of  the  deep  level  (which  lies  above 
the  superlattice's  conduction  band  edge)  and  the 
Ga  is  autoionized.  creating  a  long-ranged  Coulomb 
potential  which  binds  the  electron  at  zero  temper¬ 
ature  in  a  shallow  donor  level. 

Fig.  2  illustrates  how  the  Ga  deep  level,  the 
conduction  band  minimum  (CBM),  the  %-alence 
band  maximum  (VBM),  and  the  shallow  level  are 
predicted  to  vary  with  ZnSe  layer  thickness  N  in 
an  A'xlO  ZnSe/Zn05Mn05Se  superlattice.  The 
predictions  use  an  empirical  tight-binding  Ham¬ 
iltonian  [5,61  together  with  the  Green's  function 
method  [1], 

This  behavior  of  the  Ga  deep  level  as  a  func¬ 
tion  of  layer  thickness  N  is  similar  to  that  found 
as  a  function  of  alloy  composition  x  in  Zni_y 
Mn  ,Se:  for  .v  >  0.1  the  Ga  deep  level  lies  in  the 
band  gap.  not  in  the  conduction  band  and  traps 
electrons  rather  than  donating  them.  This  means 
that  doping  of  Zn^Mn^Se  for  .v  >0.1  with  Ga 
should  produce  semi-insulating  rather  than  n-type 
material,  which  appears  to  be  the  case  experimen¬ 
tally  [7],  Even  modulation  doping  of  Zn;_  ,.Mn\(Se 
with  Ga  will  not  produce  n-type  material  for 
•v  >0.1,  because  Ga  is  a  deep  trap  in  both  layers 
of  a  Zn,_vMnjSe/Zn,_l.Mn1.Se  superlattice  for 
;->.v>0.1. 


•  Fig.  3  illustrates  the  predicted  dependence  on 
alloy  composition  ,t  of  the  levels  of  a  Ga2n  impur¬ 
ity  in  the  ZnSe  layer  of  a  1  X  10  ZnSe/Zn,._,- 
Mn^Se  superlattice.  For  x  ~  0,  the  superlattice 
reduces  to  bulk  ZnSe.  and  Ga  has  a  shallow 
hydrogenic  ground  state  donor  level  slightly  below 
the  conduction  band  minimum,  which  provides 
n-'ype  doping.  The  Ga  deep  level  lies  above  the 
conduction  band  minimum.  As  the  alloy  composi¬ 
tion  x  of  the  ZnSe/Zn,  .^Mn^Se  superlattice  in¬ 
creases,  the  band  gap  opens  up  and  the  conduc¬ 
tion  band  edge  (measured  with  respect  to  the 
valence  band  maximum)  moves  to  higher  energy 
until,  near  x  =  0.4,  the  band  edge  passes  through 
the  deep  level.  For  x  >  0.4,  the  stahle  ground  state 
of  the  neutral  Ga  impur'.y  in  the  1  X  10 
ZnSe/Zn,  _A.MnvSe  superlattice  has  the  deep  level 
occupied  by  one  electron.  This  deep  level  can  trap 
a  second  electron  of  opposite  spin,  and  so  it 
removes  electrons  from  the  conduction  hand, 
making  the  material  semi-insulating  rather  than 
n-type. 

Shallow-deep  transitions  can  occur  when  the 
valence  band  edge  passes  through  a  deep  level, 
much  the  same  as  when  a  conduction  band  edge 
does.  The  valence-band  shallow-deep  transitions 
normally  have  a  much  more  dramatic  effect  on  the 
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Gajn  in  (ZnSe)„  I  (Zn0  iMnOISe)10  Supcrlaltic* 

Shallow-Deep  Transition 


ZnS«  Layer  Thickness  N 

Fig.  2.  Dependence  of  deep  levels  and  superlattice  band  edges 
on  ZnSe  layer  thickness  S  (number  of  ZnSe  molecules  thick) 
for  ,V  X 10  ZnSe/Zn0  }.Mn0  5Se  superlattices.  The  thick  lines 
are  the  superlattice  conduction  band  (CBM)  and  valence  band 
(V'BM)  edges  respectively.  The  top  of  the  ZnSe  valence  band 
(without  strain)  is  taken  to  be  the  zero  of  energy.  The  thin  solid 
line" is  the  predicted  well-center  GaZn  A]  deep  level.  The. 
shallow  level,  which  follows  the  conduction  band  edge,  is 
depicted  by  a  dashed  line.  A  shallow-deep  transition  is  predic¬ 
ted  to  occur  around  ,V  =  3. 

doping  character  of  a  material,  however,  because 
they  invariably  involve  p-like  deep  levels  capable 
of  containing  six  electrons  (whereas  the  conduc¬ 
tion-band  shallow-deep  transitions  normally  in¬ 
volve  A,-symmetric  levels  capable  of  trapping  only 
two  electrons). 

We  believe  that  such  shallow-deep  transitions 
are  responsible  for  the  different  doping  characters 
[8,9]  of  ZnSe  (which  can  be  easily  doped  n-type 
but  not  p-type)  and  ZnTe  (which  can  be  doped 
p-type):  deep  levels  that  lie  in  the  gap  of  ZnSe  and 
trap  holes  instead  lie  below  the  valence  band 
maximum  in  ZnTe  and  donate  holes.  Clearly  one 
way  to  enhance  the  p-type  dopability  of  a  II- VI 
semiconductor  is  to  manipulate  the  semiconduc¬ 
tor's  valence  band  maximum,  moving  it  up  in 
energy  until  it  covers  the  deep  hole  traps.  For 
example,  the  p-dopability  of  CdTe  can  be  im¬ 
proved  [10]  by  fabricating  a  CdTe/ZnTe  strained- 
layer  superlattice.  In  this  case  the  strain  splits  the 


Dependence  on  x 


Ga2n  in  (ZnSe),  /  (Zn^M^Se)^  Superlattice 


X 

Fig.  3.  Predicted  dependence  on  Mn  concentration  x  of  the 
GaZn  deep  level,  and  the  shallow  donor  level  in  1x10 
ZnSe/Zn,  _jr.Mn>.Se  [001]  superlattices.  The  GaZn  A,  deep 
level  is  resonant  with  the  conduction  band  when  x  <  0.4  (mak¬ 
ing  Ga  a  shallow-  donor  impurity),  and  is  a  deep  trap  occupied 
by  the  extra  electron  for  x  >  0.4, 


2.0—1 


(a)  fb) 

Fig.  4.  Schematic  energy  band  structure  (energy  in  eV  versus 
wave  vector)  of  CdTe.  illustrating  how  strain  qualitatively 
changes  the  valence  hand  level  structure  with  respect  to  the 
deep  level  energy  and  covers  the  deep  level,  (a)  The  bulk 
semiconductor  with  a  deep  hole  trap  !  that  also  contains  at  least 
one  hole)  within  0.2  eV  of  the  valence  band  edge.  The  T,  and 
rs  bands  are  p-like  bands  that  are  split  due  to  the  large 
spin-orbit  interaction  in  CdTe.  ■n)  A  2x4  -^perlatuce  has  an 
interna)  strain  that  further  splits  the  valence  band  end  covers 
up  the  deep  level,  autoionizine  the  hole. 
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valence  hand  maximum  of  the  CdTe  and  covers 
up  deep  hole  traps  in  the  gap  slightly  above  the 
valence  band  maximum  (fig.  4).  A  more  complete 
discussion  of  this  p-doping  problem  will  be  pub¬ 
lished  elsewhere  [11]. 


4.  Summary 

The  physics  of  shallow-deep  transitions  plays  a 
major  role  in  determining  the  doping  properties  of 
II— VI  semiconductors.  Band  edges  pass  through 
deep  levels  and  change  the  doping  character  of  the 
impurity  from  n-type  (donor)  to  semi-insulating 
(trap)  or  from  p-type  (acceptor)  to  semi-insulat- 
ing.  We  believe  that  by  better  understanding  and 
using  these  shallow-deep  transitions,  it  will  be 
possible  to  circumvent  many  of  the  doping  prob¬ 
lems  that  currently  plague  II -VI  semiconductors. 
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The  clean  InSb(llO)  surface  was  imaged  in  ultrahigh  vacuum  with  scanning  tunneling 
microscopy.  A  1x1  surface  structure  was  observed.  A  super-periodicity  consistent  with  a 
c(4x6)  reconstruction  was  also  observed  on  some  regions  of  some  cleaved  surfaces,  and  appears 
to  be  cleavage  dependent.  The  InSb(  1 10)  surface  can  easily  be  altered  by  the  tunneling  process  to 
produce  nanoscopic  dots  on  the  surface  as  small  as  9  A  radius. 


I.  INTRODUCTION 

Scanning  tunneling  microscopy  (STM)  presents  the  oppor¬ 
tunity  not  only  to  image  a  semiconductor  surface  on  the 
atomic  scale '  but  also  to  controllably  manipulate  the  surface 
atoms.2  In  this  paper  we  present  some  of  the  first  atom-re¬ 
solved  STM  images  of  cleaved  InSb(  1 10)  taken  in  ultrahigh 
vacuum  (UHV),5-4  We  observed  the  expected  lxl  struc¬ 
ture  similar  to  GaAs(  1 10). 5  In  addition  we  also  observed  a 
new  surface  structure  on  some  regions  or  domains  of  the 
surface.  This  new  structure  is  consistent  with  a  c(4x6)  re¬ 
construction.  Furthermore,  we  found  that  the  InSb(llO) 
surface  is  very  sensitive  to  disruption  by  the  tunneling  pro¬ 
cess,  a  fact  that  allowed  us  to  controllably  produce  nanosco¬ 
pic  dots  on  the  surface. 


II.  EXPERIMENTAL 

For  these  studies  we  used  a  Pachyderm-4  UHV  scanning 
tunneling  microscope6  which  incorporates  a  demountable 
sample  holder  capable  of  holding  six  samples  at  one  time. 
This  microscope  has  unusual  vibrational  immunity  because 
it  was  sculpted,  almost  in  its  entirety,  from  a  single  block  of 
stainless  steel.  The  microscope  head  was  bolted  directly  onto 
the  vacuum  flange,  and  all  the  vibration  isolation  was  done 
exterior  to  the  vacuum  chamber.  Individual  samples  were  n- 
type  single  crystal  bars  purchased  from  Sumitomo,  which 
were  5  mm  long  with  a  1x3  mm2(110)  surface  cross  sec¬ 
tion.  Samples  were  cleaved  and  imaged  in  a  vacuum  of  order 
~ICUn  Torr.  The  cleaved  (110)  surfaces  were  typically 
mirror-like  and  fiat,  with  few  visible  macroscopic  steps.  For 
all  the  pictures  shown  in  this  paper  the  cleavage  direction 
was  from  the  bottom  left  corner  of  a  picture  to  the  top  right 
corner.  Since  the  samples  were  cantilevered,  the  cleavage 
knife  never  contacted  the  cleaved  surface  because  the  sam¬ 
ples  always  cleaved  where  the  samples  were  fastened  to  the 
sample  holder  and  not  where  the  knife  contacted  them.  The 
W  tips  of  the  STM  were  electrochemically  etched  in  NaOH 
solution  followed  by  ultrasonic  cleaning  in  deionized  water. 
No  further  tip  cleaning  procedures  were  performed  in  vacu¬ 
um.  These  lips,  almost  without  fail,  gave  atomic-resolution 
images.  Typical  scan  rates  were  about  500  A/s  with  a  cur¬ 
rent  of  about  100  pA. 


III.  RESULTS  AND  DISCUSSION 
A.  Surface  structure  of  cleaved  InSb(IIO) 

On  the  InSb(  1 10)  surface  we  observed  the  expected  1  X 1 
surface  structure  similar  to  GaAs  (110).  Large  defect-free  or 
nearly  defect-free  regions  of  this  structure  were  frequently 
observed.  A  typical  example  of  such  an  area  ( 150  X  150  A2) 
is  shown  in  Fig.  1,  where  the  white  features  are  individual  In- 
derived  states  (sample  biased  +0.2  V).  Sb-derived  states 
(golden  features)  were  observed  under  negative  sample  bias 
(  —  0.2  V)  as  shown  in  Fig.  2  (35x35  A2).  The  spacing  of 
the  observed  1 X 1  unit  cell  is  in  agreement  with  the  accepted 
lattice  constants  of  6.5 X 4.6  A. 

In  addition  to  the  1 X  1  structure  we  also  observed  a  super¬ 
periodicity  on  some  regions  of  the  InSb(llO)  surface  for 
some  cleaves.  This  super-periodicity  consisted  of  rows 
spaced  19  A  apart  and  inclined  approximately  45*  with  re¬ 
spect  to  the  In  or  Sb  rows.  An  example  of  this  super-periodic¬ 
ity  is  shown  in  Fig.  3  where  two  sets  of  rows  can  be  observed: 
one  vertical,  closely  spaced  set  and  another  diagonal,  widely 
spaced  set.  The  more  closely  spaced  rows  have  a  6.5  A  spac¬ 
ing  consistent  with  the  In-Sb  zig-zag  chain  spacing.  We 
have  taken  precautions  to  guarantee  that  the  super-periodic¬ 
ity  is  not  an  artifact  or  due  to  noise,  such  as  60  Hz  pickup: 
The  row  spacing  and  relative  orientation  did  not  change  with 
scan  parameters  such  as  the  scan  rate  or  with  the  scan  direc¬ 
tion.  For  example,  changing  the  scan  rate  by  a  facto :  of  more 
than  2  caused  no  change  in  the  row  spacings  or  their  relative 
angles,  and  halfing  the  scan  range  while  keeping  the  scan 
rate  constant  caused  the  row  spacing. in  a  picture  to  scale 
with  the  range.  Furthermore,  when  we  changed  the  tip  scan 
direction  by  20°  to  90°,  the  STM  pictures  rotated  by  the  given 
angle — leaving  the  row  spacings  and  angles  unchanged.  This 
behavior  indicates  that  the  rows  are  the  result  of  a  real  sur¬ 
face  structure  and  not  an  artifact  of  the  measurement, 
artifact  of  the  measurement. 

When  we  observed  the  super-periodic  structure,  it  fre¬ 
quently  extended  over  regions  greater  than  1000  A  square 
and  appeared  tocoveranonnegligiblefract’on  of  the  surface 
(perhaps  10 %  or  more).  This  fraction,  however,  was  diffi¬ 
cult  to  quantify  because  of  the  relatively  narrow  field  of  view 
of  the  STM.  The  super-periodic  structure  was  observed  for 
only  about  25%  of  the  cleaves — which  suggests  that  it  may 
be  cleavage  dependent.  When  we  observed  the  super- period- 
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Fic.  1 ,  STM  image  of  the  InSb(  1 10)  surface  showing  a  large  defect-free  region.  The  surface  was  imaged  at  +  0.2  V  sample  bias  with  120  pA  tunneling 

current.  The  area  shown  is  1 50X  ISO  A.  The  white  features  are  In-derived  states. 

»  ,  ‘ 


ic  structure,  the  widely  spaced  rows  were  always  parallel  to 
the  cleavage  direction  to  within  about  ±  10e. 

The  STM  results  indicate  that  tne  large-distance  row 
spacing  of  this  super-periodic  structure  is  19  A  and  the  rela¬ 


tive  angle  between  these  rows  and  the  In  or  Sb  rows  is  aboir 
45°.  Ifwe  assume  the  super-periodic  structure  is  commensur¬ 
ate  with  the  In-Sb  chains,  then  the  data  are  e  ->»sistent  with  a 
c(4Xh)  reconstruction  of  the  surface.  A  c(4x6)  recon- 
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Fig.  3.  (a)  STM  image  of  cleaved  InS'r>(  110)  surface  showing  two  periodicities.  The  vertical  rows  are  the  “normal"  t  x  I  In-Sbrovvs,  the  diagonal  rows  are 
the  super-period..:  structure  with  rows  19  A  apart.  The  range  was  95x95  A:;  the  sample  bias  was  +  0.3  V;  the  scan  rate  was  500  A/s.  (b)  The  super-periodic 
stricture  wa  also  observed  under  negative  sample  bias.  The  range  was  190X  190  A';  the  sample  bias  was  —  0.3  V;  the  scan  rate  was  600  A/s. 


struction  "ould  produce  a  row  structure  with  a  row  spacing 
of  19  /v  wit f.  rows  inclined  4?"  with  respect  to  the  In-Sb 
chains  A  c(4  x  6)  lattice  illustn  rig  this  is  shown  in  Fig.  4 
whe’t  ■  t.r  atoms  31  r  lattice  poim  are  colored  black.  Tuese 
coi.-re  .  aioms  form  rows  spaced  19  A  at  an  angle  of47‘  wi  .: 
respe- ,  to  the  i  110]  dir.vb.ni.  These  colored  atoms,  may 
have  a  different  electronic  structure  b  cause  of,  perhaps,  di- 
menzat!  !.  with  neighborim.  atom' :  1  dimer  density  wave. 
The  actual  details  and  mix'-anism  for  u."  reconstruction  are 
it  lull;  ur.derstood  at  present.  The  H  M  results  do  suggest, 
hv.\  ev  er,  that  some  regions  of  the  1; •'•••  surface  reconstruct 
with  a  c(4x6  reconstruction.  Cr.Sct  iations  are  presently 
under  way  to  elucidate  the  physic.,  and  stability  of  tin  ■  .-con¬ 
struct  ior.  Clearly  additional  experimentation  and  theoreti¬ 
cal  v. ork  are  needed  to  further  'icily  and  understand  this 
reco:.structS.>:i. 

To  our  kn  ledge  this  is  the  11.  •  observation  of  a  new 
reemstr  tetion  on  the  cleaved  InSbt  :  !:  t  surface.  Interest¬ 
ingly  eiuitti.h,  though,  Lapeyo  et  at.  ;  "served  cleavage  de- 
pen,  civ  photoemiss  n  anomalies  ot  cleaved  GaAs(  HO)7 
andsitnii; :  anomalie-  or;  l.iSb  'Perhaps  these  anomalies  are 
t-ssociat  cd  with  a  cleavage-related  reconstruction  such  as  the 
1  i.r  reported  here 

rhe  ( i  id)  surface  of  GaAs  is  one  of  the  best  understood 
..impound  ?enu.  tiducto:  surfav-....  and  tli-.re  is  a  school  of 
thought  that  otit  •  zincnlende  miconductors  have  the 


same  surface  relaxation  geometry  as  GaAs,“  although  this 
latter  viewpoint  is  certainly  controversial."1  Therefore,  the 
observation  on  lt'.Sb(l  10)  of  a  novel  structure  unknown  in 
the  physics  of  GaAs  is  unant  icmated  and  sugi’e-'s  that  the 
zincblence  surfaces  have  a  richer  and  more  vat;..:  physics 
than  once  thought.  , 

The  image  of  the  c(4x6)  structure  appears  it  be  noisier 
than  the  1  X  1  structure  images.  \\  e  speculate  that  this  may 
bedue  to  “softer”  force  constants  on  the  metastable  c(4x  6) 
surface,  and  interactions  bet  ween  the  STM  tip  and  the  sur¬ 
face:  as  the  tip  passes  over  the  surface,  the  surface  atoms 
move. 

B.  Fabrication  of  nanoscopic  dots 

Being  able  to  modify  surfaces  on  a  nanometer  .-.cale  using 
the  tip-surface  interaction  is  another  valuable  feature  of 
STMs.  Becker  et  al.  demonstnu  -d  that  single  atoms  could  be 
manipulated  on  the  Ge(lll)  surface  with  a  single  voltage 
pi'!:  ■ '  Ei  e’er  and  Sa.'hweizer  were  able  to  position  individ¬ 
ual  >  atoms  on  the  ‘it  surface."  A  number  ofautiiors,:  have 
“m.  muied"  various  surfaces  011  the  nanometer  scale  using 
various  met  hods  such  as  tip  crashes  voltage  pulses,  and  local 
heating  in  .dr,  liquids,  and  vacui  H  tc  we  show  t  at  nan- 
oscoj  !e  dots  can  be  fabricated  in  tTHV  on  the  Iiub(  1 10) 
surface. 
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Fig.  4.  A  model  of  the  >(.4x6)  surface  structure.  The  small  open  and 
shaded  circles  are  In  and  Sb  atoms.  The  large  black  circles  form  rows  1 9  A 
apart  which  have  an  angle  of  43  deg  with  respect  to  the  [001  ]  direction.  The 
dashed  lines  form  a  surface  unit  cell  ofc(4x6)  symmetry. 


Fig.  5.  Two  nanoscopic  dots  were  produced  on  a  perfect  lnSb(  110)  surface 
by  placing  the  tip  over  each  region  for  about  2  min.  The  nanoscopic  dots 
have  radii  of  ~  15  and  25  A.  Individual  In-derived  states  can  also  be  ob¬ 
served  in  the  image.  The  sample  was  biased  +  0.5  V  and  the  tunneling 
current  was  120  pA. 


oscopic  holes  on  the  InSb(llO)  surface  while  the  tip  is 
scanned.  In  Fig.  6  we  show  an  example  of  a  small  dot  which 
was  formed  by  slowly  scanning  (200  A/s)  over  a  small 
25X25A  area  of  the  surface.  This  process  produced  a  nanos¬ 
copic  dot  over  nearly  the  entire  scan  range  after  two  repeated 
scans.  The  resulting  dot  is  shown  in  Fig.  6  and  has  a  radius  of 
about  9  A. 


Unlike  Si  surfaces  and  other  surfaces  that  we  have  stud¬ 
ied, 12-1 J  the  InSb(  1 10)  surface  could  easily  be  altered  by  the 
tunneling  process.  We  found  that  placing  the  tip  over  ’he 
same  spot  on  the  surface  for  about  2  min  (without  scanning) 
frequently  produced  a  hole  or  dot  under  the  tin  for  small 
tunneling  currents  and  voltages  (tunneling  current  about 
100  pA,  basis  voltage  a  few  tenths  of  a  volt ).  An  example  of 
two  such  holes  is  shown  in  Fig.  5.  Before  positioning  the  tip 
over  each  hole  area  the  surface  was  perfect  with  no  holes  or 
defects.  After  successively  positioning  the  tip  over  each  hole 
area  for  about  2  min.  two  nanoscopic  dots  were  formed.  The 
resulting  dots  had  a  radius  of  15-25  A  and  were  one  to  two 
atomic  layers  deep.  The  dots  were  not  the  result  of  tip 
crashes  since  there  was  no  evidence  of  a  tip  crash  in  the 
tunneling  current.  Furthermore,  our  microscope  has  unu¬ 
sual  vibrational  isolation  stability  and  we  have  never  ob¬ 
served  an  unintentional  tip  crash  while  tunneling  over  flat 
surfaces  of  other  materials.1’ 

For  writing  patterns  on  the  surface,  one  could  use  the  tip 
as  a  dot-maker  of  a  dot-matrix  printer.  It  would  be  desirable, 
however,  to  be  able  to  write  on  the  surface  while  the  tip  is 
scanned.  Tlsi.-.  would  alUnv.  for  example,  a  continuous  line  or 
script  pattern  to  be  written  on  the  surface.  To  this  end  we 
found  that  it  is  possible  with  low  scan  rates  to  produce  nan- 
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Fig.  6.  A  singk  nanoscopic  dot  was  fabricated  on  the  InSi  ’HO)  surface  by 
slowly  scanning  (200  A/s)  the  dot  region.  The  radius  of  the  dot  is  9  A.  The 
sample  bias  was  0.2  V  and  the  tunnel  current  was  100  pA, 
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These  results  demonstrate  that  angstrom-scale  STM  lith¬ 
ography  on  InSb(  110)  surfaces  will  be  feasible  allowing, 
perhaps,  complicated  patterns  to  be  fabricated  on  this  sur¬ 
face. 

IV.  CONCLUSIONS 

We  obtained  some  of  the  first  atom-resolved  STM  imager, 
on  the  cleaved  lnSb(  110)  surface  in  UHV.  We  observed  the 
expected  1  X  1  structure  on  this  surface  which  is  similar  to 
that  of  GaAs.  in  addition  we  observed  a  new  super-periodic 
structure  which  consisted  of  rows  19  A  anurt  rotated  47° 
with  respect  to  the  In-Sb  chains.  This  structure  is  consistent 
with  a  c(4x6)  reconstruction  Furthermore,  we  found  that 
the  InSb(llO)  surface  is  easily  disturbed  by  the  tunneling 
process.  Holding  the  tip  fixed  over  the  same  rteu  of  the  sur¬ 
face  or  slowly  scanning  the  lip  over  a  region  of  the  sr-face 
frequently  al'ers  the  surface  by  producing  a  hole.  Using  thi 
technique,  we  have  been  able  to  produce  nanoscopic  dots  as 
small  as  9  A  radius.  Efforts  are  undei  way  to  write  angstrom- 
scale  words  on  the  InSb(  110)  surface. 
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